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Background
Although researchers have investigated the puffing behavior of tobacco products, no
attempt has yet been made to observe both puffing and respiratory behaviors simultaneously in the natural use environment. Observation of puffing behavior alone is
insufficient for predicting the health effects of tobacco use, as it can only be used to
estimate the amount of emissions generated and transferred to the oral cavity. Respiration behavior must be observed for the estimation of delivery and retention of nicotine
and other HPHCs in the lungs. Parameters that quantify respiratory behavior include
inhalation and exhalation volumes, flow rates, and durations, as well as breath-hold
duration. Researchers are presently limited by the lack of a viable non-invasive ambulatory monitoring technique for simultaneous monitoring of puffing and respiratory
behavior.
Methodologies
The primary focus of this work is in adapting a commercially-available Wearable Respiratory Monitor (WRM) to measure quantitative respiratory parameters. These devices normally only report basic metrics such as respiratory-rate. They are, however,
equipped with sensors that track chest motion which can be used to infer respiratory
volume via calibration. Nine commercial WRMs were identified. By employing a selection criteria, three WRM candidates were acquired for extensive characterization using
a purpose-built chest expansion simulator. To measure puffing parameters, the previously validated and deployed wPUM™ topography monitor was used. Parameters
based on puffing and respiratory behaviors were proposed for quantifying the specific puffing and inhalation patterns of “Mouth-to-Lung” (MTL) and “Direct-to-Lung”
(DTL). A method was developed to synchronize the data collected from the Hexoskin to
that of the wPUM™ to account for discrepancies in their real-time clocks. Data processing tools were developed to perform the various analyses and signal processing tasks.
Results
The Hexoskin Smart Garment was determined to be the most suitable WRM. The device was successfully calibrated and although the calibration parameters showed some
variability across repeated trials, the overall impact of this on the measurement of respiratory volume was determined to be relatively low. The Hexoskin was validated against
a spirometer and was found to have good accuracy and repeatability. Respiratory parameters were calculated from data collected over a period of 12 hours (over 10,000
breaths) in the natural environment. The time synchronization method proved to be
effective at eliminating the time discrepancy between the Hexoskin and the wPUM™
monitor. The combined system was able to find puff associated respiratory cycles from
participant data.
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Application
This combined system has been deployed in two studies to help assess the influence of
tobacco product characteristics, specifically flow path resistance and nicotine strength
on puffing and respiratory behavior. Previous research suggest that users of products
with high flow path resistance, such as cigarettes, are more likely to exhibit MTL behavior whereas users of products with low flow path resistance, such as hookah, are
more likely to exhibit DTL behavior. A reduction in nicotine strength may cause users
to perform compensatory behaviors, such as taking larger inhale volumes and holding
their breaths for longer. The system, with some improvements, would be useful to the
tobacco research community.

ix

Acknowledgements
The work presented in this dissertation is the culmination of six years of research done
by the author, building upon previous knowledge from the scientific community and
the Respiratory Technologies Laboratory (RTL) at RIT. This work would not have been
possible without the help of many others. I would like to first thank Dr. Robinson for
her guidance and advise, and for providing me the opportunity to do this work along
with securing the funding necessary to support myself and the research materials.
I would also like to thank Dr. Hensel, Dr. Godleski, Dr. Rashedi, and Dr. Eddingsaas
for agreeing to be on my advisory committee and for providing critical advice and feedback, and for challenging me to do good research.
I like to thank my current and former lab mates at RTL. It has been very fun working
with you all and I am glad to have been a part of everyone’s projects. I am especially
grateful for all the work done by Gary, Emma, and Beatrice on developing the current
generation of wPUM monitors that are instrumental to my work. Gary, thank you also
for maintaining the PES machines and for supporting in the human subject research;
your contribution to the lab and my work is tremendously valued.
Next I would like to thank my family, for your support and patience as I stay away
from home for many years. Thank you for encouraging me to pursue engineering from
a young age.
Lastly, I would like to thank my friends, for their help in managing my stress of my
work and life. Leo, I am very grateful for the countless hours of mental support and
suggestions on the outline of the dissertation. Sami, thank you for being a great flatmate
and for helping me with preparing meals. Brandon, thank you for proofreading both
the proposal and the final dissertation, providing literally hundreds of comments and
suggestions, and for introducing me to em dash — here is one for you, cheers!

xi

Contents
Declaration of Authorship

iii

Acknowledgements

xi

1

Introduction
1.1 Research statement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
1.2 Specific aims . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
1.3 Nomenclature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1
2
3
5

2

Background and Significance
2.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.2 Tobacco research and regulatory science . . . . . . . . . . . . . . . . . . .
2.3 Inhaled tobacco products . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.3.1 Combustible cigarettes . . . . . . . . . . . . . . . . . . . . . . . . .
2.3.2 Electronic cigarettes . . . . . . . . . . . . . . . . . . . . . . . . . .
2.4 Importance of respiratory behavior . . . . . . . . . . . . . . . . . . . . . .
2.5 Importance of product characteristics . . . . . . . . . . . . . . . . . . . .
2.6 Importance of natural environment observations of tobacco use behavior
2.7 Importance of studying compensatory behavior . . . . . . . . . . . . . .
2.8 Wearable technology and smart garments . . . . . . . . . . . . . . . . . .
2.9 Measuring puffing topography . . . . . . . . . . . . . . . . . . . . . . . .

.
.
.
.
.
.
.
.
.
.
.

11
11
12
13
13
14
17
19
20
20
21
24

.
.
.
.
.
.
.
.

27
27
28
34
36
37
38
40
42

3

Review of Theories and Methods for Measuring Respiration
3.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.2 Measuring respiration using chest motion . . . . . . . . . . . . . . . . . .
3.3 Review of WRM calibration techniques . . . . . . . . . . . . . . . . . . .
3.3.1 Isovolume Maneuver (ISV) . . . . . . . . . . . . . . . . . . . . . .
3.3.2 Simultaneous Equation Method (SEM) . . . . . . . . . . . . . . .
3.3.3 Least-Squares Method (LSQ) . . . . . . . . . . . . . . . . . . . . .
3.3.4 Qualitative Diagnostic Calibration (QDC) . . . . . . . . . . . . . .
3.4 Chest motion sensor technologies . . . . . . . . . . . . . . . . . . . . . . .
3.5 Prior and contemporary work focused on measuring respiratory behavior associated with tobacco use . . . . . . . . . . . . . . . . . . . . . . . .
3.5.1 RTL Research Group . . . . . . . . . . . . . . . . . . . . . . . . . .
xiii

. 42
. 43

3.5.2

4

PACT .
3.5.2.1
3.5.2.2
3.5.2.3
3.5.2.4

. . . . . . . . . . . . . . . . . . . .
Publications . . . . . . . . . . .
PACT Group Research Timeline:
Positive Contributions . . . . .
Limitations . . . . . . . . . . . .

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

Aim 1: Review Existing Methods and Theories for Measuring Ambulatory
Respiratory Topography
4.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.2 Specific Aims . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.3 Aim 1.1 - Hardware . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.3.1 Investigating the characteristics of the chest motion sensors in select WRMs using a benchtop test setup . . . . . . . . . . . . . . . .
4.3.2 Preliminary breath-hold analysis on EQU . . . . . . . . . . . . . . .
4.3.2.1 Objective . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.3.2.2 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.3.2.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.3.2.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.3.3 Preliminary EQU response vs stretch distance and speed . . . . . .
4.3.3.1 Objective . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.3.3.2 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.3.3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.3.3.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.3.4 Analysis of WRM response linearity and ability to measure breathhold . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.3.4.1 Objective . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.3.4.2 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.3.4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.3.4.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.3.5 Analysis of WRM signal repeatability . . . . . . . . . . . . . . . . .
4.3.5.1 Objective . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.3.5.2 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.3.5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.3.5.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.3.6 Analysis of Hexoskin signal decay and baseline transience . . . . .
4.3.6.1 Objective . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.3.6.2 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.3.6.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.3.6.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.3.7 Discussions of the results of the investigations by WRM . . . . . .
4.3.7.1 Equivital EQ02 (EQU) . . . . . . . . . . . . . . . . . . . . .
4.3.7.2 Smartex WWS (WWS) . . . . . . . . . . . . . . . . . . . . .
4.3.7.3 Hexoskin (HX) . . . . . . . . . . . . . . . . . . . . . . . . .
xiv

43
44
47
49
50
55
55
56
56
58
60
60
60
61
62
62
62
62
63
65
66
66
66
67
72
72
72
72
73
77
77
77
79
79
80
80
80
82
82

4.4
5

4.3.8 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
Aim 1.2 - Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

Aim 2: Develop a Method to Calibrate the Wearable Respiratory Monitor
(WRM) Signals to Respiratory Volume
87
5.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
5.2 Specific Aims . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
5.3 Aim 2.1 - Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
5.3.1 Factor 1 - Breathing maneuver . . . . . . . . . . . . . . . . . . . . . 88
5.3.2 Factor 2 - Instrument . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
5.3.2.1 Investigating different instruments for calibrating the WRM 90
5.3.2.2 Research questions . . . . . . . . . . . . . . . . . . . . . . 92
5.3.2.3 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
5.3.2.4 Results and discussions . . . . . . . . . . . . . . . . . . . . 94
5.3.2.5 Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
5.3.2.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 109
5.3.3 Factor 3 - Posture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
5.3.3.1 Investigating the impact of posture on the calibration
parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
5.3.3.2 Research questions . . . . . . . . . . . . . . . . . . . . . . 110
5.3.3.3 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
5.3.3.4 Results and discussions . . . . . . . . . . . . . . . . . . . . 112
5.3.3.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 117
5.3.4 Factor 4 - Parameter calculation . . . . . . . . . . . . . . . . . . . . . 117
5.3.5 Factor 5 - Parameter consolidation (for N > 1 calibrations) . . . . . 117
5.4 Aim 2.2 - Validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
5.4.1 Investigating the validity of the Hexoskin in measuring ad-lib
breathing in a controlled setting . . . . . . . . . . . . . . . . . . . . 118
5.4.2 Research question . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
5.4.3 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
5.4.3.1 Data collection . . . . . . . . . . . . . . . . . . . . . . . . . 118
5.4.3.2 Data analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 119
5.4.3.3 Outcome measures . . . . . . . . . . . . . . . . . . . . . . 119
5.4.4 Results and discussions . . . . . . . . . . . . . . . . . . . . . . . . . 119
5.4.5 Limitations and future work . . . . . . . . . . . . . . . . . . . . . . 123
5.4.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
5.5 Aim 2.3 - Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
5.5.1 Repeatability and Reliability . . . . . . . . . . . . . . . . . . . . . . 125
5.5.1.1 Investigating the longitudinal repeatability of the Hexoskin calibration and the sensitivity of respiratory topography to variability in calibration parameters . . . . . 125
5.5.1.2 Research questions . . . . . . . . . . . . . . . . . . . . . . 126
5.5.1.3 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
xv

5.5.2
5.5.3

5.5.1.4 Results and discussions . . .
5.5.1.5 Limitations and future work
5.5.1.6 Conclusions . . . . . . . . .
Resolution . . . . . . . . . . . . . . . .
Limitations . . . . . . . . . . . . . . .

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

127
130
131
131
131

6

Aim 3: Develop a Method to Time-synchronize the Respiratory Topography
to Simultaneously Measured Puff Topography
133
6.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
6.2 Specific Aims . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
6.3 Aim 3.1 – Time synchronization between devices . . . . . . . . . . . . . . . 135
6.3.1 Investigating the characteristics of wPUM monitor RTC and Hexoskin datalogger RTC . . . . . . . . . . . . . . . . . . . . . . . . . . 139
6.3.1.1 Research question . . . . . . . . . . . . . . . . . . . . . . . 139
6.3.1.2 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
6.3.1.3 Results and discussions . . . . . . . . . . . . . . . . . . . . 141
6.3.1.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 146
6.3.2 Investigating the ability to predict and correct for relative clock
drift using previously obtained RTC characteristics . . . . . . . . . 146
6.3.2.1 Research question . . . . . . . . . . . . . . . . . . . . . . . 146
6.3.2.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
6.3.2.3 Results and discussion . . . . . . . . . . . . . . . . . . . . 150
6.3.2.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 156
6.4 Aim 3.2 – Validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156
6.4.1 Investigating the validity of the Hexoskin in measuring PAR of
DTL puffs in a controlled setting . . . . . . . . . . . . . . . . . . . . 156
6.4.1.1 Research questions . . . . . . . . . . . . . . . . . . . . . . 157
6.4.1.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157
6.4.1.3 Results and discussions . . . . . . . . . . . . . . . . . . . . 158
6.4.1.4 Limitations and future work . . . . . . . . . . . . . . . . . 161
6.4.1.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 162
6.5 Aim 3.3 - Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162
6.5.1 Investigating the validity and accuracy of the wPUM-Hexoskin
time synchronization . . . . . . . . . . . . . . . . . . . . . . . . . . . 162
6.5.1.1 Research questions . . . . . . . . . . . . . . . . . . . . . . 163
6.5.1.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163
6.5.1.3 Results and discussions . . . . . . . . . . . . . . . . . . . . 164
6.5.1.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 166

7

Aim 4 - Develop an Analysis Program to Calculate Respiratory Topography
Parameters for Tidal Breathing and Puff Associated Respiration (PAR)
167
7.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167
7.2 Specific Aims . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170
xvi

7.3
7.4
7.5
7.6

7.7
7.8
7.9

8

Step 1: Data Segmenting . . . . . . . . . . . . . . . . . . . . . . . . . . .
Step 2: Extrema Finding . . . . . . . . . . . . . . . . . . . . . . . . . . .
Step 3: Baseline Compensation . . . . . . . . . . . . . . . . . . . . . . .
Step 4: WRM Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . .
7.6.1 Linear regression . . . . . . . . . . . . . . . . . . . . . . . . . . .
7.6.2 Calibration surface . . . . . . . . . . . . . . . . . . . . . . . . . .
Step 5: Respiratory Topography Calculation . . . . . . . . . . . . . . . .
7.7.1 Limitations and future work . . . . . . . . . . . . . . . . . . . .
Step 6: Time Synchronization . . . . . . . . . . . . . . . . . . . . . . . .
Step 7: PAR Identification, Classification, and Topography Calculation
7.9.1 Automated PAR identification . . . . . . . . . . . . . . . . . . .
7.9.2 Manual PAR identification . . . . . . . . . . . . . . . . . . . . .

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

170
173
175
177
177
178
181
182
185
187
187
188

Aim 5: Investigate Feasibility of Identifying Parameters to Characterize Mouth
to Lung (MTL) and Direct to Lung (DTL) User Behaviors
191
8.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191
8.2 Specific Aims . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193
8.3 Aim 5.1 - Proposed parameters . . . . . . . . . . . . . . . . . . . . . . . . . 193
8.4 Aim 5.2 - Proposed metrics . . . . . . . . . . . . . . . . . . . . . . . . . . . 194
8.5 Aim 5.3 - Test feasibility of proposed parameters . . . . . . . . . . . . . . . 196
8.5.1 Investigating feasibility of using proposed parameters for distinguishing between MTL and DTL under controlled settings . . . . . 196
8.5.2 Research questions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 196
8.5.3 Data collection procedure . . . . . . . . . . . . . . . . . . . . . . . . 196
8.5.4 Results and discussions . . . . . . . . . . . . . . . . . . . . . . . . . 197
8.5.4.1 Results related to parameter γ . . . . . . . . . . . . . . . . 198
8.5.4.2 Results related to parameter ϕs . . . . . . . . . . . . . . . . 201
8.5.4.3 Results related to parameter ϕe . . . . . . . . . . . . . . . . 204
8.5.4.4 Examples of outliers . . . . . . . . . . . . . . . . . . . . . . 207
8.5.4.5 Comparison between parameters . . . . . . . . . . . . . . 209
8.5.4.6 Hybrid pattern . . . . . . . . . . . . . . . . . . . . . . . . . 210
8.5.5 Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211
8.5.6 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212
8.5.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212
8.6 Aim 5.4 - Apply parameters to human subject data . . . . . . . . . . . . . . 213
8.6.1 Investigating feasibility of using proposed parameters for distinguishing between MTL and DTL on tobacco users in the natural
environment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213
8.6.2 Research questions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213
8.6.3 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 214
8.6.4 Results and discussions . . . . . . . . . . . . . . . . . . . . . . . . . 215
8.6.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220

xvii

9

Aim 6: Characterize Flow Path Parameters for Tobacco Products Relative to
Typical Respiratory Function Related to Use of Inhaled Tobacco Products
223
9.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223
9.2 Specific Aims . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 224
9.3 Aim4.1 - Flow path resistance . . . . . . . . . . . . . . . . . . . . . . . . . . 224
9.4 Aim 6.2 - Respiratory function . . . . . . . . . . . . . . . . . . . . . . . . . . 226
9.4.1 Maximal Inhalation Pressure . . . . . . . . . . . . . . . . . . . . . . 226
9.4.2 Maximal Puffing Pressure . . . . . . . . . . . . . . . . . . . . . . . . 226
9.4.3 Measuring MIP and MPP . . . . . . . . . . . . . . . . . . . . . . . . 227
9.4.4 Combining Maximal Physiological Parameters (MIP, MPP) with
Tobacco Product Flow Path Resistance . . . . . . . . . . . . . . . . . 229
9.5 Aim 6.3 - Sensation characteristics . . . . . . . . . . . . . . . . . . . . . . . 231
9.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 232

10 Aim 7: Deploy the WRM and wPUM™ Monitors to Measure Respiratory Topography of Cigarette and Hookah Users
233
10.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 233
10.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 234
10.2.1 Human Subject Study Protocol . . . . . . . . . . . . . . . . . . . . . 234
10.2.2 Assessing Compliance and Acceptability . . . . . . . . . . . . . . . 235
10.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 236
10.3.1 Study Cohort . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 236
10.3.2 Waveform Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 237
10.3.3 Respiratory Topography . . . . . . . . . . . . . . . . . . . . . . . . . 240
10.3.4 Compliance and Acceptance of the Monitor . . . . . . . . . . . . . . 247
10.4 Discussions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 248
10.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 250
11 Conclusions and Recommendations
253
11.1 Summary of accomplishments, outcomes, and observations . . . . . . . . 253
11.2 Recommendations for future work . . . . . . . . . . . . . . . . . . . . . . . 259
A SPS: The WRM Benchptop Test Setup (Version One)
A.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
A.2 Functionality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
A.3 Purpose . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

267
267
267
268

B CBTS: The WRM Benchtop Test Setup (Version Two)
269
B.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 269
B.2 Functionality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 271
B.3 Purpose . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 274
C PES™ Emissions System
275
C.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 275
xviii

C.2 Functionality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 277
C.3 Purpose . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 277
D wPUM™ Topography Monitor
D.1 Overview . . . . . . . . . .
D.2 Functionality . . . . . . . .
D.3 Limitations . . . . . . . . .
D.4 Purpose . . . . . . . . . . .

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

279
279
281
282
282

E Vernier Spirometer
E.1 Overview . . . .
E.2 Functionality . .
E.3 Characterization
E.4 Purpose . . . . .

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

285
285
285
286
288

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

Bibliography

289

xix

List of Figures
2.1

Illustration of the interconnected pathways from product characteristics
to inhaled product emissions, consumption behavior, and user topography behavior. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3.1

Respiratory system modeled as a two-part, thoracic (TC) and abdominal (AB), system based on theory by Konno and Mead [50] for the purposes of inferring inhalation volume from chest motion. The closed- and
open-system conditions are shown, corresponding to occluded and nonoccluded upper airway (flow through mouth and nose) states, respectively. In the closed-system state, volume displacements between TC and
AB are equal and opposite. In open-system state, net volume displacement in TC and AB is equal to net volume entering/exiting the system . . 30
Approximate locations for the thoracic (TC) and abdominal (AB) measurements for calculating respiratory volume . . . . . . . . . . . . . . . . . 33
Example Smartex WWS spirometer calibration data. Figure taken from
RTL student researcher’s Summer Research Symposium presentation (circa
2013) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
Example Equivital spirometer calibration data. Figure taken from RTL
student researcher’s Summer Research Symposium presentation (circa
2013) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
The Personal Automatic Cigarette Tracker (PACT). Figure taken from
Patil, Tiffany, and Sazonov [65] . . . . . . . . . . . . . . . . . . . . . . . . . 46
Four components that make up a respiratory cycle as reported by RamosGarcia, Sazonov, and Tiffany [67]. Figure taken from Ramos-Garcia, Sazonov,
and Tiffany [67] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.2
3.3

3.4

3.5
3.6

4.1

EQU respiratory signal response [count] during breath-hold analysis on
the SPS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

xxi

4.2

(A) Example EQU respiratory signal response [count] with the baseline
shifted to center at 0. The 9 inhalation cycles can be seen with each respiratory cycle encapsulated in the same manner as that in Figure 4.1. The
programmed stretch distances (from left respiratory cycle to right) are
2.6, 5.2, 7.8, 10.4, 13, 10.4, 7.8, 5.2, and 2.6 [mm]. The stretch speed is
6.4 [mm/s] in the inhale direction. (B) Relationship between EQU response and stretch distance, showing visible hysteresis between rising
and falling. (C) Calculated decay time constant after each inhale and exhale as a function of stretch distance. . . . . . . . . . . . . . . . . . . . . .
4.3 EQU response as a function of stretch distance and speed . . . . . . . . .
4.4 CBTS command and EQU response . . . . . . . . . . . . . . . . . . . . . .
4.5 CBTS command and WWS response . . . . . . . . . . . . . . . . . . . . .
4.6 CBTS command and HX response . . . . . . . . . . . . . . . . . . . . . .
4.7 CBTS command and EQU response . . . . . . . . . . . . . . . . . . . . . .
4.8 CBTS command and WWS response . . . . . . . . . . . . . . . . . . . . .
4.9 CBTS command and HX response . . . . . . . . . . . . . . . . . . . . . .
4.10 HX signal decay and baseline transience examples . . . . . . . . . . . . .
4.11 Exemplar result from the decay constant analysis, showing both the raw
HX respiratory signal and the curve fit of the decay model Equation (4.3)
5.1
5.2

5.3

5.4

5.5
5.6

5.7
5.8

5.9

.
.
.
.
.
.
.
.
.

64
65
69
70
71
74
75
76
78

. 80

Images of the three instruments for calibrating the WRM that were investigated and used as part of this dissertation . . . . . . . . . . . . . . . . . . 91
Exemplar waveform result from a person performing the calibration breathing maneuver through the SpiroTube calibration instrument and the associated uncalibrated Hexoskin chest motion waveforms . . . . . . . . . . 96
Exemplar waveform result from a person performing the calibration breathing maneuver through the wPUM calibration instrument and the associated uncalibrated Hexoskin chest motion waveforms . . . . . . . . . . . . 97
Exemplar waveform result from a person performing the calibration breathing maneuver through the SpiroFacemask calibration instrument and the
associated uncalibrated Hexoskin chest motion waveforms . . . . . . . . . 98
Exemplar calibration results using each calibration instrument . . . . . . . 100
Calibration parameters obtained from repeated trials using each calibration instrument with 95% confidence interval of the mean. The title of
each subfigure provides the number of repeated trials, the mean value of
each parameter, and the 95% confidence interval of the mean in brackets. . 101
Mean calibration parameters calculated from repeated trials using each
calibration instrument with 95% confidence interval of the mean . . . . . . 105
The interval plot represents respiratory volumes from the same ad-lib
dataset with different calibration parameters from different calibration
instruments applied. The error bars indicate the 95% confidence interval . 107
Calibration parameters obtained from repeated trials using each calibration posture with 95% confidence interval of the mean . . . . . . . . . . . . 114
xxii

5.10 Mean calibration parameters calculated from repeated trials using each
calibration posture with 95% confidence interval of the mean . . . . . . .
5.11 Inhalation volume comparison between Hexoskin and spirometer with
facemask from three repeated trials of 5-minute ad-lib breathing in a controlled setting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.12 Difference between mean inhalation volume from spirometer with facemask and mean inhalation volume from the Hexoskin across three repeated trials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.13 Calibration parameters from all calibrations (N=66) performed by the author in this dissertation. The dashed lines in the top two subfigures correspond to the mean and the dotted lines correspond to the 95|5 confidence
interval. The mean, standard deviation (STD), 95% confidence interval of
the mean, and the minimum and maximum values for each calibration
parameter are also presented the title of each subfigure. The R2 value is
the coefficient of determination from the calibration regression model fit
5.14 Scatter of mean respiratory volumes from the same 8-hour ad-lib dataset
but with different calibration parameters applied. The error bars correspond to the 95% confidence interval of the mean . . . . . . . . . . . . .
6.1

6.2

6.3

6.4

6.5

Each scatter point is the time difference obtained by subtracting the start
time of the puff according to the CBTS by the start time of the puff according to the Hexoskin. The increasing trend illustrates the growing
separation of the time of puff start according to each instrument and is indicative of the relative clock drift. The reason for the discontinuity shown
in Figure 6.1b is explained in Section 6.3.1.3 . . . . . . . . . . . . . . . . .
Exemplar wPUM-PES time synchronization result. The waveform from
the PES is the reference that the waveform from the wPUM is corrected
to. The left column shows the first time synchronization session and the
right column shows the last time session. The top and bottom rows show
the wPUM and PES time series waveforms before and after time correction. The time synchronization equation is presented in the figure title .
Exemplar HX-CBTS time synchronization result. The waveform from the
CBTS is the reference that the waveform from the Hexoskin is corrected
to. The left and right columns show the first and last “puffs”, respectively. The top and bottom rows show the Hexoskin and CBTS time series
waveforms before and after time correction. The time synchronization
equation is presented in the figure title . . . . . . . . . . . . . . . . . . . .
Exemplar wPUM-HX time synchronization result. The left column shows
the first time synchronization session and the right column shows the last
time session. The top and bottom rows show the wPUM™ and Hexoskin
time series waveforms before and after time synchronization. The time
synchronization equation is presented in the figure title . . . . . . . . . .
Exemplar Hexoskin volume waveform and puff volume waveform . . .
xxiii

. 115

. 121

. 123

. 128

. 129

. 142

. 143

. 144

. 151
. 159

6.6

6.7

6.8

7.1

7.2
7.3

7.4

7.5
7.6

Top panel: PAR volume and puff volume for the 16 puffs that were measured while performing DTL puffs using the wPUM™ with an empty
JUUL and a nose-clip. Middle panel: PAR volume - puff volume for each
of the puffs. Bottom panel: Comparison of the mean of volume difference to 0 [mL]. From the t-test performed it was shown that the mean of
the difference between PAR and puff volume is not significantly different
to 0 [mL] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160
wPUM-HX time synchronization result. The left column shows the first
time synchronization session and the right column shows the last time
session. The top and bottom rows show the wPUM and Hexoskin time
series waveforms before and after time synchronization. The time synchronization equation is presented in the figure title . . . . . . . . . . . . . 165
Result of applying the time adjustment equation (obtained from TimeSync1
and TimeSync3 Figure 6.7) to TimeSync2. The top panel shows the wPUM
and Hexoskin waveforms before the adjustment was applied. The time
offset before and after the adjustment are presented in the title . . . . . . . 166
Exemplar result of the data segmenting step with annotated start and end
of the calibration segments and the deployment segment in the Hexoskin
chest motion waveform . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Idealized respiratory cycle definition used by the algorithm to extract
respiratory cycles from the respiratory waveform . . . . . . . . . . . . .
Exemplar baseline compensation result. The red dashed line is the precompensated waveform. The green circles are the minima locations and
the green line is the baseline created by connecting the minima points.
The blue line is the baseline compensated waveform created by subtracting the baseline from the pre-compensated waveform . . . . . . . . . . .
Exemplar Hexoskin calibration. The top panel shows the normalized and
scaled spirometer (SP), thoracic (TC), and abdominal (AB) waveforms.
The SP and TC waveforms are normalized from 0 to 1 and the AB waveform is normalized to scale with the TC signal. The bottom panel shows
the calibrated volume waveform (V̂) and SP. . . . . . . . . . . . . . . . .
Plot of ME as a function of KTC and K AB for the same SP, TC, and AB
presented in Figure 7.4. The black line represents the line of minima. . .
Exemplar MTL and DTL puff and inhalation patterns from OS7 wave 1
data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

xxiv

. 172
. 174

. 176

. 178
. 180
. 189

8.1

8.2

8.3

8.4
8.5

8.6

8.7
8.8
8.9

8.10
8.11

8.12
8.13

Ideal representations of the “mouth-to-lung” (MTL) and the “direct-tolung” (DTL). The black-dashed line represents the puff volume waveform measured using a topography monitor (i.e. wPUM™ monitor). The
red line represents respiratory volume waveform of the puff associated
respiratory cycle as measured using a WRM (i.e. Hexoskin). The figures
are also annotated with specific puffing (Vp , Tp,s , and d p ) and inhalation
(Vin , Tin,s ) parameters that will be used to calculate the proposed parameters, γ and ϕs , for distinguishing between DTL and MTL . . . . . . . . .
Comparison between the predicted MTL and DTL puffing and respiratory profiles. The predicted profiles are based on the expectation of the
idealized behaviors. The measured profiles are from an exemplar set of
actual observed puff volume and calibrated Hexoskin respiratory volume waveforms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Scatter plot of puff volume [mL], inhale volume [mL], and the measured
γ parameter for each puff (N=124) conducted across all four trials of the
MTL and DTL conditions . . . . . . . . . . . . . . . . . . . . . . . . . . .
Box plot comparison between the measured γ parameters of the MTL
condition and the DTL condition . . . . . . . . . . . . . . . . . . . . . . .
Scatter plot of γ for MTL (blue) and DTL (red). The blue and red areas show the range that encompasses three standard deviations from the
mean in both directions of the γ parameter for MTL and DTL, respectively. These ranges are the proposed metrics for distinguishing between
MTL and DTL based on this set of data . . . . . . . . . . . . . . . . . . .
Scatter plot of inhale start time - puff start time [s], puff duration [s], and
the measured ϕs parameter for each puff (N=124) conducted across all
four trials of the MTL and DTL conditions . . . . . . . . . . . . . . . . . .
Box plot comparison between the measured ϕs parameters of the MTL
condition and the DTL condition . . . . . . . . . . . . . . . . . . . . . . .
Scatter plot of ϕs for MTL (blue) and DTL (red). . . . . . . . . . . . . . . .
Scatter plot of absolute difference between inhale start time and puff end
time [s], puff duration [s], and the measured ϕe parameter for each puff
(N=124) conducted across all four trials of the MTL and DTL conditions
Box plot comparison between the measured ϕe parameters of the MTL
condition and the DTL condition . . . . . . . . . . . . . . . . . . . . . . .
Scatter plot of ϕe for MTL (blue) and DTL (red). The blue and red areas show the range that encompasses three standard deviations from the
mean in both directions of the ϕe parameter for MTL and DTL, respectively. These ranges are the proposed metrics for distinguishing between
MTL and DTL based on this set of data . . . . . . . . . . . . . . . . . . .
Comparison of the exemplar typical and outlier MTL condition . . . . .
Comparison of the exemplar typical and outlier DTL condition . . . . .

xxv

. 195

. 198

. 199
. 200

. 201

. 202
. 203
. 204

. 205
. 206

. 207
. 208
. 208

8.14 Ideal representations of the “hybrid” puffing and respiratory behavior
patterns. The black-dashed line represents volume as a function of time
of a puff as measured using a topography monitor (i.e. wPUM™ monitor). The red line represents volume as a function of time of the inhale
associated with the puff as measured using a wearable respiratory monitor (i.e. Hexoskin). The figures is also annotated with specific puffing (Vp ,
Tp,s , and d p ) and inhalation (Vin , Tin,s ) parameters that may be used to calculate the proposed parameters (γ and ϕs ) for distinguishing between the
different behavior patterns . . . . . . . . . . . . . . . . . . . . . . . . . . .
8.15 Percentage distribution of the PAR classification. The top panel is the
result of the manual PAR identification process and the bottom panel is
the result of the automated PAR identification process . . . . . . . . . . .
8.16 Exemplar A1, A2, and A3 puff and inhalation patterns from OS7 wave 1
data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
8.17 Comparison of the PAR inhalation volumes obtained from the manual
and the automated processes . . . . . . . . . . . . . . . . . . . . . . . . .
9.1

9.2
9.3

. 211

. 216
. 218
. 220

PES™ system command flow rate profile used for generating 5 [s] puffs
of flow rates from 15 [mL/s] to 100 [mL/s] in increments of 5 [mL/s].
This profile was used in investigating the relationship between flow rate
and pressure drop across a number of inhaled tobacco products . . . . . . 225
Exemplar results of maximal puffing pressure (Figure 9.2a) and maximal
inhalation pressure (Figure 9.2b) from a single participant . . . . . . . . . 228
Comparison of flow resistance characteristics of a number inhaled tobacco products and the maximal inhalation and puffing pressures (MIP
and MPP). By machine puffing at varying puff flow rates across each
product and measuring the resultant differential pressure across the product, the flow resistance characteristic is obtained as the slope of differential pressure versus flow rate . . . . . . . . . . . . . . . . . . . . . . . . . . 230

10.1 Participant recruitment, screening, and enrollment flow chart . . . . . . . 237
10.2 Exemplar uncalibrated TC and AB waveforms from a 1-minute subsection of a hookah session observed in the natural environment. The V̂
waveform is calculated from the TC and AB wave-forms using the KTC
and K AB values obtained using the centroid method . . . . . . . . . . . . . 239
10.3 Exemplar respiration topography results from a participant (PS6-04, 1229
breathing cycles ob-served). Top row - Distribution of inhalation and
exhalation a) volumes, b) durations, and c) flow rates. Bottom row –
Breath-by-breath comparison of inhalation to exhalation d) volumes, e)
durations, and f) flow rates. . . . . . . . . . . . . . . . . . . . . . . . . . . . 243

xxvi

10.4 The mean and its 95% confidence interval a) inhale and exhale volumes,
b) inhale, exhale, and cycle durations, and c) inhale and exhale flow rates,
across all participants. The mean is calculated from all observed breaths
across all sessions and days by that participant. Blue, red, and black
colors denote inhale, exhale, and cycle, respectively. Circular markers
indicate hookah participants and square markers indicate cigarette participants. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 246
B.1 Image of the version two of the chest expansion simulator (CBTS). The
WRM is “worn” on the simulator during characterization. . . . . . . . . . 270
B.2 Schematic of the CBTS and SPS chest expansion simulator setup showing
the top-down view. The WRM under test is “worn” on the test setup in
the same way as on a human torso. The test setup stretches the WRM in
one direction to mimic chest expansion. The stretch sensor portion of the
WRM is centered between the C-brackets of the test setup as shown. The
anatomical axes on the torso cross-section are also defined. . . . . . . . . . 271
B.3 Exemplar representation of a typical respiration profile, showing two adjacent inhale cycles. Each respiration cycle is composed of 4 stages: (1)
inhale, (2) breath-hold, (3) exhale, and (4) pause. . . . . . . . . . . . . . . . 272
C.1 Images of the PES™ emissions generation and capture systems developed by RTL engineers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 276
D.1 Images of the family of wPUM™ topography monitors developed by
RTL engineers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 280
D.2 Puff topography of an ecig user in a single session. A total of 19 puffs
can be seen. Data is collected with a wPUM® topography monitor and
analyzed using the TAP® analysis program developed by RTL . . . . . . . 282
E.1 Results of the characterization of the spirometer using the PES™ as a
reference instrument . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 287

xxvii

List of Tables
2.1
2.2

4.1
4.2
5.1

5.2

5.3

6.1

Summary of the current classifications of ecigs based on design, functionality, and release chronology . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
Summary of biosignals and biomarkers associated with nicotine addiction, exposure, and withdrawal. The table includes their classification,
capabilities for in-lab and ambulatory measurements, sensor/measurement
type and location. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
CBTS input command profile for response linearity and breath-hold analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
CBTS input command profile for repeated stretch analysis . . . . . . . . . 73
Results and waveform statistics from all calibration trials performed across
instruments. The Mean SP, Mean TC, Mean AB, and Mean V̂ are the
mean values of every sample in the calibration instrument volume waveform, thorax motion waveform, abdomen motion waveform, and calibrated Hexoskin volume waveform, respectively. The Mean Error is
Mean V̂ − Mean SP
∗ 100 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
Mean SP
Results and waveform statistics from all calibration trials performed across
postures. The Mean SP, Mean TC, Mean AB, and Mean V̂ are the mean
values of every sample in the spirometer facemask volume waveform,
thorax motion waveform, abdomen motion waveform, and calibrated
V̂ − Mean SP
Hexoskin volume waveform, respectively. The Mean Error is MeanMean
∗
SP
100 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
The results of the Tukey’s HSD analysis, showing the statistical significance of the difference of the means between each pair of postures for
both calibration parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
Results of the time synchronization analysis, showing the mean ω values
for each wPUM™ monitor and Hexoskin datalogger by unique device
identifier. N corresponds to the number of repeated trials performed. The
PPM corresponds to the accuracy of the RTC in parts-per-million. The
Mean Sep. 8hrs and Mean Sep. 24hrs values correspond to the projected
time separation between the RTC and the reference clock (due to ω only
and not factoring in the initial offset) after 8 hours and 24 hours respectively145

xxix

6.2
6.3

6.4

List of the combination of wPUM™ monitor and Hexoskin datalogger
unique device identifiers used in this time synchronization investigation . 150
The results of repeated time synchronizations performed on three wPUMHexoskin device combinations. The parameters ω and τ are obtained
using the time synchronization (Section 7.8) algorithm. The PPM is calculated using (Equation (6.3)). The Sep. 8hrs and Sep. 24hrs values correspond to the projected time separation between the wPUM™ and the
Hexoskin (due to ω only and not factoring in the initial offset, τ) after 8
hours and 24 hours, respectively . . . . . . . . . . . . . . . . . . . . . . . . 152
Comparison between the predicted and actual ω values for three wPUMHexoskin device combinations. Values of ω PES,wPU M and ωCBTS,HX are
taken from Table 6.1. The values of ω predicted are calculated using Equation (6.5). The values of ωactual are the mean values of ω in Table 6.3. The
Predicted Sep. and Actual Sep. values correspond to the projected time
separation in seconds between the wPUM™ and the Hexoskin (due to
ω only and not factoring in the initial offset, τ) after 24 hours calculated
using ω predicted and ωactual , respectively. The percentage difference is calculated by

7.1

7.2
7.3

8.1

8.2
9.1

ω predicted −ωactual
ωactual

∗ 100 . . . . . . . . . . . . . . . . . . . . . . . . . . 155

List of waveforms segmented from the overall data collected from the
Hexoskin, Spirometer, and the wPUM in each phase of the example scenario. The asterisks denote the device that the waveform is taken from . . 171
Respiratory topography parameters of interest and how they are calculated182
The parameters utilized in the automated PAR identification and classification algorithm. The details of the parameters are presented in Chapter 8. The definition of the symbols are presented in Table 7.2 . . . . . . . . 188
Proposed parameters (γ and ϕs ) for quantifying and distinguishing between MTL and DTL. These parameters and their expected values may
be revised based on data collected from actual tobacco users . . . . . . . . 195
Summary of predicted metrics and the measured parameter values for
distinguishing between MTL and DTL . . . . . . . . . . . . . . . . . . . . . 210
Results of the maximal inhalation (MIP) and puffing (MPP) pressure analysis, showing results from in-lab participants (N=7). . . . . . . . . . . . . . 229

10.1 Summary of respiratory topography results by participant. All topography values correspond to the mean and the standard deviation values
are provide in brackets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 242

xxx

Shehan Jayasekera

CONTACT
gbj6142@rit.edu
Ó

+1 585 820 5395

¯

shehan-jayasekera



Google Scholar

Research Engineer - Ph.D. Mechanical Engineering

CAREER OBJECTIVE
Efficient and versatile Ph.D. student with extensive experience in Research Engineer roles looking to (1) apply knowledge in programming, design, and implementation of control and data acquisition systems, (2) leverage substantial experience in cross-functional collaboration to support and manage team
projects, (3) improve knowledge in modeling, simulation, and automation. Expected Ph.D. completion by end of July 2022.

SKILLS

WORK EXPERIENCE

MATLAB

10+ yrs

LabVIEW

3+ yrs

Research Engineer
Rochester Institute of Technology, Rochester, NY

Java

2+ yrs

Developed a method to measure breathing: inhalation and exhalation volume, flow rate, and duration on human subjects in various conditions (e.g.
laboratory, at-home) using an off-the-shelf smart garment

Python

<1 yrs

• Used MATLAB knowledge to develop signal processing algorithm
to extract features from large (8+ hrs, 10M+ samples) and noisy data

Arduino

1+ yrs

• Method currently applied to measure tobacco smoking behavior in
FDA funded research

Google Script

3+ yrs

08/2016 - 08/2022

• Research administrator in two human-subject research studies
Research Engineer
Rochester Institute of Technology, Rochester, NY

08/2016 - 08/2022

Data acquisition

6+ yrs

Control system design

3+ yrs

In charge of updating software for custom-built programmable smoking
machines designed to puff tobacco products and collect harmful compounds from the smoke/vapor

1+ yrs

• Used GUI design knowledge and MATLAB experience to develop
user-friendly interface

Modeling
Simulation

2+ yrs

GUI design

5+ yrs

Research
administration

3+ yrs

Multidisciplinary
collaboration

8+ yrs

SVN

6+ yrs

• Used knowledge in control system design to upgrade closed-loop
PID control algorithm
• Upgraded old electronic control and data collection system with
new NI DAQ devices
• Machine supports numerous government-funded research projects
Research Engineer (co-op)
University of Rochester Medical Center, Rochester

05/2015 - 08/2015

In charge of modeling and simulating (FEA) realistic human abdominal
aortic aneurysm to predict onset
• Developed ANSYS Mechanical and ANSYS Workbench knowledge
to model, mesh, and simulate
• Static and transient solid model with linear and nonlinear materials

LAT

EX

4+ yrs

• Wrote APDL scripts in ANSYS to help extract results and data postprocessing and visualization done in MATLAB and Tecplot

EDUCATION

Research Engineer (cop-op)
Rochester Institute of Technology, Rochester, NY

06/2014 - 12/2014

In charge of updating and operating experimental setup to measure fluid
flow through an idealized human lung during inhale and exhale

Ph.D. in Mechanical
Engineering

• Gained experience in Particle Image Velocimetry (PIV) technique

Rochester Institute of
Technology

• Responsible for sourcing components and building/fixing test rig
• Used MATLAB and LabVIEW knowledge to collect and analyze data

2016-2022

Assistant Engineer (co-op)
TATA Steel, Rayong, Thailand
BS in Mechanical Engineering
Rochester Institute of
Technology

09/2013 - 11/2013

Assigned to Junior Industrial Engineer to assist in company wide effort to
become Thailand’s largest steel milling plant by production volume
• Used spreadsheet knowledge to improve method of recording production delays

2011-2016

• Designed metallic dust collection apparatus to reduce dangerous
airborne particulates and improve workspace condition

PROJECTS
Inflatable Robotic Hand
Multidisciplinary senior design project

2016

Part of a 5-person team that designed an inflatable robotic hand mounted
on a RC vehicle controlled using an Arduino and an XBOX 360 controller

HONORS

• Used cross-functional collaboration experience to coordinate workflow in multidisciplinary team as Internal Communications Lead
RIT Outstanding
Undergraduate Scholarship
Award

• Designed and developed entire pneumatic control and actuation
system and gained experience in solenoid valves

2014

• In charge of organizing data on version controlled repository (SVN)
• Helped source low-cost materials due to severely restrictive budget

Tau Beta Pi - NY Pi Chapter
member
2013

Autonomous quadcopter
Robotics course project

2015

Part of a 2-person team that developed an autonomous quadcopter for
takeoff, fixed flight path, and landing

Pi Tau Sigma - Delta Pi
Chapter member

• Used an Arduino UNO to relay instructions to CC3D flight controller
• Gained experience with sourcing parts from international retailers,
using limited budget

2012

• Gained experience of PID tuning and extensive refine/test cycles
• Went beyond expectation of the professor and course requirements

LEADERSHIP
LANGUAGES

Workforce Manager
RIT Tora-Con Anime Convention (3500+ attendees)

2011 - 2022

English

Native

• Responsible for scheduling, training, and managing up to 150 volunteers

Thai

Fluent

• Used programming knowledge to develop volunteer management
software (Java, gscript)

Executive Board Member
RIT International House

2011 - 2016

On-campus special interest house with over 35 members. Positions held
include President, Vice President, Floor Architect, Webmaster

Executive Board Member
RIT Global Union

2011 - 2016

• Major student organization representing all international students
and clubs on campus
• In charge of organizing student events and coordinating meetings
between clubs

Student Mentor
RIT Ph.D. Mentorship Program

2019 - 2022

Mentored undergraduate students across disciplines (mechanical engineering, industrial design, biomedical illustrator) to complete research
projects

PUBLICATIONS
Proposed standard test protocols and outcome
measures for quantitative comparison of emissions
from electronic nicotine delivery systems
E.C. Hensel, N.C. Eddingsaas, Q.M. Saleh, S. Jayasekera, S.E. Sarles, A.G. DiFrancesco, and R.J. Robinson

2022

Int. J. Environ. Res. Public Health, doi: 10.3390/ijerph19042144
Nominal operating envelope of pod and pen style
electronic cigarettes
E.C. Hensel, N.C. Eddingsaas, Q.M. Saleh, S.
Jayasekera, S.E. Sarles, M. Thomas, B.T. Myers,
A.G. DiFrancesco, and R.J. Robinson

2021

Frontiers in Public Health, doi: 10.3389/fpubh.2021.705099
Feasibility assessment of wearable respiratory monitors for ambulatory inhalation topography
S. Jayasekera, E.C. Hensel, and R.J. Robinson

2021

IJERPH, doi: 10.3390/ijerph18062990
Feasibility of using the hexoskin smart garment for
natural environment observation of respiration topography
S. Jayasekera, E.C. Hensel, and R.J. Robinson

2021

IJERPH, doi: 10.3390/ijerph18137012
A comparison between cigarette topography from
a one-week natural environment study to FTC/ISO,
health canada, and massachusetts department of
public health puff profile standards
R.J. Robinson, S.E. Sarles, S. Jayasekera, A. Olayan,
A.G. Difrancesco, N.C. Eddingsaas, and E.C. Hensel
IJERPH, doi: 10.3390/ijerph17103444

2020

Characterization and Validation of the Secondgeneration wPUM Topography Monitors
Risa J Robinson, S. Jayasekera, A.G. DiFrancesco, and
E.C. Hensel

2020

Nicotine & Tobacco, doi: 10.1093/ntr/ntaa153
Framework to estimate total particulate mass and
nicotine delivered to e-cig users from natural environment monitoring data
E.C. Hensel, N.C. Eddingsaas, A.G. DiFrancesco, S.
Jayasekera, S. O’Dea, and R.J. Robinson

2019

Scientific Reports, doi: 10.1038/s41598-019-44983-w
A proposed waterpipe emissions topography protocol reflecting natural environment user behaviour
E.C. Hensel, S.E. Sarles, A. Olayan, A.G. DiFrancesco,
S. Jayasekera, N.C. Eddingsaas, and R.J. Robinson

2019

IJERPH, doi: 10.3390/ijerph17010092
A framework to investigate the impact of topography and product characteristics on electronic
cigarette emissions
R.J. Robinson, N.C. Eddingsaas, A.G. DiFrancesco, S.
Jayasekera, and E.C. Hensel

2018

PLOS ONE, doi: 10.1371/journal.pone.0206341
Assessing airflow sensitivity to healthy and diseased
lung conditions in a computational fluid dynamics
model validated in vitro
B. Sul, Z. Oppito, S. Jayasekera, B. Vanger, A. Zeller,
M. Morris, K. Ruppert, T. Altes, V. Rakesh, S. Day, R.
Robinson, J. Reifman, and A. Wallqvist.

2018

Journal of Biomechanical Engineering, doi: 10.1115/1.4038896
Accounting for effects of system dynamics to improve accuracy of emissions reported in e-cig vaping
machines
E. C. Hensel, S. Jayasekera, and R. J. Robinson

2018

Inhalation Toxicology, doi: 10.1080/08958378.2018.1526232

CONFERENCE POSTERS
Simultaneous puff and respiration topography for
smokers and hookah in the natural environment
Tobacco Regulatory Science Meeting

2021

System for measuring inhalation volume from chest
motion
Society For Research On Nicotine and Tobacco

2021

Feasibility assessment of simultaneous puff and
chest belt monitoring to better understand tobacco
product inhalation patterns
Biomedical Engineering Society

2018

1 Introduction

Presently, there is a gap in the field of tobacco science in regards to quantifying usage
behavior of inhaled tobacco products, specifically those newly “deemed” [1] products
by the U.S. Food and Drug Administration (FDA), such as electronic cigarettes (ecigs),
waterpipes, and cigars. In particular, the manner in which a user inhales and exhales
tobacco emissions in their natural usage environment has not been investigated. Puffing
and respiratory behaviors of tobacco emissions has direct implications on the health
outcome of the user. Quantification of these behaviors will lead to better understanding
of the exposure of users to Harmful and Potentially Harmful Constituents (HPHCs).
The research field is limited by the lack of a reliable method for quantifying puffing and
respiratory behavior of tobacco product users within their natural use environment.

This dissertation introduces a method for simultaneous real-time monitoring of puffing
and respiratory behavior of tobacco users, by applying a previously tested methodology
of real-time monitoring of puffing behavior using a wPUM™ topography monitor and
building upon methodologies of ambulatory monitoring of respiratory behavior. The
chosen method for monitoring respiratory behavior in the natural environment was to
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adapt a commercially-available Wearable Respiratory Monitor (WRM). Nine such devices were identified and information for each were gathered. A selection criteria was
developed to assist in picking the most suitable WRM for this application. Through
rigorous testing of three of the most suitable candidates, it was determined that the
Hexoskin Smart Garment, consisting of a smart shirt with embedded sensors and a
portable datalogger, was the best candidate. None of these WRMs directly report the
desired respiratory parameters directly, but instead they measure chest motion which,
according to a theory introduced by Konno and Mead [50], can be converted to respiratory parameters through a calibration process. Different calibration methods and
various factors that affect the calibration were investigated. Once it was demonstrated
that the Hexoskin can be calibrated successfully, a series of investigations were conducted to validate and characterize the device. Next, the Hexoskin was integrated with
the wPUM™ monitor for simultaneous measurement of puffing and respiratory behavior. A method had to be developed to synchronize the data from these two devices. The
combined system was then validated and characterized. The combined system was deployed in an observation studies of tobacco use behavior in the natural environment.
The results of this study are presented in this dissertation, along with a number of parameters and metrics for quantifying and classifying puffing and respiratory behavior.

1.1

Research statement

The primary objectives of this dissertation are to: (1) Develop, validate, and characterize a method for measuring ambulatory respiratory behavior of human subjects in the
natural environment, and (2) Pair the developed method for observing respiratory behavior with a puff topography monitor to be able to measure simultaneous puffing and
respiratory behavior of tobacco users.
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1.2

Specific aims

Aim 1 - Review Existing Methods and Theories for Measuring Ambulatory Respiratory Topography
Aim 1.1 - Hardware: Select commercially available or develop a new wearable respiration monitor (WRM)
Aim 1.2 - Theory: Apply existing theoretical model or develop a new model that relates
WRM signals to inhaled volume

Aim 2 - Develop a Method to Calibrate the Wearable Respiratory Monitor (WRM)
Signals to Respiratory Volume
Aim 2.1 - Calibration: Develop protocol to obtain calibration parameters in a controlled
setting
Aim 2.2 - Validation: Validate the WRM system’s (hardware, calibration, and data processing) ability to accurately measure the desired respiratory topography parameters
Aim 2.3 - Characterization: Fully Characterize WRM for resolution, repeatability, and
reliability

Aim 3 - Develop a Method to Time-synchronize the Respiratory Topography to Simultaneously Measured Puff Topography
Aim 3.1 - Time Synchronization: Develop a process to synchronize the data obtained
from the WRM and the wPUM™ to obtain a common time base for comparison
Aim 3.2 - Validation: Validate the combined system’s (wPUM™, WRM, calibration,
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data processing) ability to accurately measure the desired puffing and respiratory
parameters as well as the parameters developed in Aim 2.1
Aim 3.3 - Characterization: Fully characterize the combined system for resolution, repeatability, and reliability

Aim 4 - Develop an Analysis Program to Calculate Respiratory Topography Parameters for Tidal Breathing and Puff Associated Respiration (PAR)
Aim 4.1 - Develop a data analysis process that quantifies the desired respiratory topography parameters from raw uncontrolled WRM data
Aim 4.2 - Develop a signal processing routine to analyze both WRM and wPUM™ data
to obtain PAR topography

Aim 5 - Investigate Feasibility of Identifying Parameters to Characterize Mouth to
Lung (MTL) and Direct to Lung (DTL) User Behaviors
Aim 5.1 - Propose parameters that can be used to distinguish between different respiratory patterns (e.g. MTL vs DTL)
Aim 5.2 - Propose metrics for separating users into MTL and DTL groups based on
parameters from Aim 5.1
Aim 5.3 - Test the feasibility of quantifying the parameters from Aim 5.1 with the WRM
and wPUM™ monitors under well-controlled conditions
Aim 5.4 - Apply the parameters from Aim 5.1 and the metrics from Aim 5.2 to human
subject data
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Aim 6 - Characterize Flow Path Parameters for Tobacco Products Relative to Typical
Respiratory Function Related to Use of Inhaled Tobacco Products
Aim 6.1 - Assess flow path parameters (pressure as a function of flow rate, or other) for
a range of tobacco products and develop potential flow path classifications
Aim 6.2 - Assess respiratory function (max puffing pressure, max inhalation pressure)
representative of typical tobacco product behavior and develop potential participant classifications
Aim 6.3 - Assess sensation characteristics (hard throat hit, heavy nicotine hit) for a
range of tobacco products and develop potential e-liquid classifications

Aim 7 - Deploy the WRM and wPUM™ Monitors to Measure Respiratory Topography of Cigarette and Hookah Users

1.3

Nomenclature

In order to facilitate comprehension of materials presented in this dissertation, the following definitions and clarifications are presented. Some of these terminologies and
concepts are expanded in more detail in later chapters.

An inhaled tobacco product refers to a product that typically contain tobacco or nicotine with the primary mode of consumption being inhalation via the mouth through
a process called puffing. Examples of tobacco products include conventional (or combustible) cigarettes, electronic nicotine delivery systems (ENDS) or electronic cigarettes
(ecigs), hookahs (or waterpipes), and cigars. Although ecigs are considered as inhaled
tobacco products, they do not contain any tobacco. Most of them do however contain
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nicotine. The ones that do not are sometimes referred to as electronic non-nicotine delivery systems (ENNDS). In this dissertation, an inhaled tobacco product may sometimes
be referred to simply as tobacco product, product, or device.

A consumable associated with an inhaled tobacco product is the component that is
either combusted, such as in the case of combustible cigarettes to produce smoke, or
aerosolized (or atomized), such as the e-liquid in ecigs to produce aerosol. A combustible cigarette is itself the consumable, since it is consumed as the tobacco is burned.
In the case of ecigs, the consumable is a liquid mixture typically referred to as e-liquid,
and is composed of nicotine, flavorants, and some ratio of vegetable glycerin (VG) and
propylene glycol (PG). The e-liquid is consumed as the ecig is vaped (puffed or inhaled).
Some ecigs are not refillable and therefore are considered as disposable (much in the
same sense as combustible cigarettes) while others are refillable and reusable. Hookahs
consume a syrupy mixture called Mu‘assel (or shisha tobacco), which typically contain
tobacco leaves, flavorants, and molasses.

Product characteristics refer to specific aspects of the design of a tobacco product that
may have an influence on the user’s puffing and inhalation behavior. Examples include
the flavor, nicotine strength, and PG/VG ratio of the e-liquid. The flow path resistance
is another product characteristic that is of particular interest in this dissertation, as it
pertains to the inherent resistance to flow during puffing. Some tobacco products are
harder to puff through than others.

Puffing is the process of drawing tobacco product emissions (smoke or vapor) into the
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mouth. This is achieved by sealing the lips around the outlet of the product and reducing the pressure in the mouth by maneuvering the cheek muscles. During this maneuver there is generally little to no motion of the lung cavity and consequently little to
no chest movement. Two distinct puffing and inhalation behavior patterns are investigated in this dissertation, “Mouth-to-Lung” (MTL) and “Direct-to-Lung” (DTL). MTL
is a multi-step pattern wherein a relatively small volume of tobacco emissions is first
puffed into the oral cavity, held for a short duration, and then inhaled into the lungs
along with a larger volume of ambient air. In DTL, a large volume of tobacco emissions
is simultaneously puffed and inhaled directly into the lungs. Consequently, the amount
of nicotine and other HPHCs per unit volume inhaled is higher in DTL than in MTL.

Puffing topography is the quantitative parameters that describe the puffing behavior
of a particular user. These parameters include puff flow rate, puff volume, puff duration, and interpuff duration. These parameters can be calculated from a puff flow
rate waveform as measured by a puffing topography monitor, such as the wPUM™.
Similarly, respiratory topography is the quantitative set of parameters that describe the
user’s respiratory behavior. These parameters include the volume, duration, and flow
rate of the inhale portion and the exhale portion of each breath. These parameters can
be calculated from a respiratory waveform as measured by a respiratory topography
monitor or wearable respiratory monitor.

From a topography measurement point of view, the distinction between smoking and
vaping is primarily that of semantics. Smoking has traditionally been used to describe
the behavior of puffing and inhaling smoke from combustible inhaled tobacco products,
such as tobacco cigarettes, cigars, and hookahs. Since, ecigs produce vapor instead of
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smoke, the associated puffing and respiratory behavior are instead referred to as vaping
and not smoking. There is no distinction between smoking and vaping behaviors in
terms of the parameters that can be used to describe them, and as such, smoking and
vaping behavior can both be quantified using topography parameters.

The smoke or the aerosol produced when consumables are combusted or aerosolized is
collectively called tobacco emission, or simply emission. Consequently, emissions studies refer to investigations into the smoke or aerosol composition, typically conducted in
a controlled environment with emissions generated using an emissions generation system (also referred to as a smoking machine). Emissions are typically categorized as
primary or secondary; primary emissions (also referred to as main-stream emissions)
refers to the emissions that are drawn through the product during a puff and directly inhaled into the body, whereas secondary emissions (also referred to as side-stream emissions) refers to the exhaled emissions from an active user and any unpuffed emissions
released by the product into the ambient air. Once lit, cigarettes and cigars produce
emissions even when they are not being actively puffed, whereas ecigs do not.

Chest expansion, excursion, movement, or motion refer to the expansion or contraction of one or both the thoracic (TC) and abdominal (AB) cross-sections, anteroposterior diameters, transverse diameters, or circumferences. The location of the thoracic
cross-section is roughly below the pectoral muscle and the location of the abdominal
cross-section is around the navel. In this dissertation, a mathematical model is used to
convert the TC and AB waveforms into the respiratory waveform via a process called
calibration. Waveforms, time series, and signals refer to continuous and timestamped
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data, such as puff flow rate measurements made by the flow sensor in a puff topography monitor.

Ambulatory measurement refers to measurements made on a conscious and mobile
participant. In this dissertation, the requirement for ambulatory measurement necessitates a minimally invasive or non-invasive method of measurement to reduce or
eliminate the impact of measurement on the behavior being observed. The natural
environment refers to the typical environment that a participant might perform the behavior of interest, such as smoking at home, at work, or in school. This is in contrast to
the laboratory or in-lab setting.
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2 Background and Significance

2.1

Overview

Limited research has been conducted to study respiratory behavior of tobacco users in
the natural use environment, owing to a lack of viable non-invasive ambulatory monitoring techniques. This research aims to remedy this by proposing a method of monitoring respiratory behavior that utilizes commercially-available wearable respiratory
monitors. Respiratory behavior is key to understanding smoking and vaping behavior
as a whole. Realistic estimation of delivery and retention of nicotine and HPHCs in
the lungs depend on a number of respiratory parameters, including inhalation volume,
flow rate, and breath-hold duration Robinson and Yu [68]. Respiratory behavior can
also be used to provide additional insight into compensatory behavior associated with
nicotine dependence. For instance, users who switch to products with reduced nicotine
content may increase their breath-hold duration to increase the amount of nicotine retained, effectively allowing them to maintain their desired nicotine level. Additionally,
other product characteristics, such as flow resistance, also have the potential to influence puffing and respiratory behavior. Consequently, this provides an opportunity for a
new method of classifying inhaled tobacco products based on how they influence their
use.
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This chapter will establish the context for the work presented in this dissertation within
the field of tobacco research, touch upon the field of wearable technologies and how
they can be used to support research efforts in tobacco science, briefly describe the physiology of respiration, and establish the puffing and respiratory parameters of interest.

2.2

Tobacco research and regulatory science

Tobacco smoking is the leading cause of preventable death in the world [64] despite
over half a century of efforts to promote cessation and deter new users [79]. The negative health effects associated with tobacco smoking have been extensively studied [14].
In the United States, a large portion of the research into tobacco products outside of the
tobacco industry is in support of the US Food and Drug Administration (FDA) and its
mission to regulate the manufacture, marketing, and use of tobacco products. With the
passage of the Family Smoking Prevention and Tobacco Control Act (FSPTCA) by the
United States Congress in 2009, the FDA was given the authority to regulate tobacco
cigarettes. This authority was expanded with the passing of the “deeming” rule [1]
in 2016, which amended the FSPTCA to allow the FDA to also regulate other tobacco
products including electronic cigarettes (ecigs), waterpipes, and cigars. The FDA also
created a new branch called the Center for Tobacco Products (CTP) as a result of the
FSPTCA, with primary duties including establishing test standards, enforcing packaging warnings and advertisement restrictions, and reviewing premarket tobacco applications. To support its duties, the CTP relies on the research community for realistic
tobacco product usage information and regularly sponsors programs to fund such research.
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In recent years, the CTP has established Toxicity, Addiction, Health Effects, Behavior, Communications, Marketing Influences, and Impact Analysis as research priorities.
This dissertation will primarily address the Behavior domain, with secondary implications in the Health Effects domain. The central goal of this dissertation is to establish
and validate a method for simultaneous ambulatory observation of puffing and respiratory behavior of tobacco users in their natural environment. Respiratory behavior,
especially of newly “deemed” tobacco products such as ecigs, has hitherto not been
studied in either laboratory or natural environment conditions. The reason why respiratory behavior of tobacco product emissions has for the most part been ignored may
have something to do with the fact that there has not been an easy method for observing
it. Once the feasibility of this methodology has been tested, it may prove to be useful
for researchers interested in observing vaping behavior under natural use conditions.

2.3

Inhaled tobacco products

Inhaled tobacco products include a diverse group of devices and consumables with the
typical purpose of providing nicotine to the user. Nicotine is the primary compound in
tobacco that causes and maintains addictive usage behavior.

2.3.1

Combustible cigarettes

Combustible cigarettes are the most common inhaled tobacco product. Over the years
many different variants of combustible cigarettes have been produced. Some of these
are marketed as “light” or “low-tar” cigarettes with lowered nicotine yield claims by
the tobacco company. No evidence has been produced to support these claims [14].
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2.3.2

Electronic cigarettes

An electronic cigarette (ecig) is a device that generates aerosol by heating a liquid instead of burning tobacco leaves as in conventional cigarettes. The liquid, often called
e-liquid, is typically made up of nicotine, propylene glycol (PG), vegetable glycerin
(VG), and flavorants [32]. The heating element, often referred to as an atomizer, is typically powered by a lithium-ion battery. Some models allow for adjustments in heating
temperature which influences the volume of the emitted aerosol. Ecigs are tobacco-free
substitutes for conventional cigarettes, allowing users to obtain nicotine without burning tobacco. Consequently, ecigs are also sometimes referred to as “Electronic Nicotine
Delivery Systems” (ENDS). However, not all ecigs contain nicotine and are instead referred to as “Electronic Non-Nicotine Delivery Systems” [ENNDS; 84]. The Chinese
pharmacist Hon Lik is credited with inventing the modern ecig [36]. Ecigs were initially manufactured and distributed in China. There is some dispute over the exact
time-frame in which ecigs were introduced to the American market, but it is estimated
to be between 2004 and 2006. Since their introduction, ecig usage has increased exponentially throughout the globe and newer products have been rapidly developed and
marketed [73]. Currently there are over 500 brands and 7,000 unique flavors of e-liquids
and ecigs being marketed[86].

At the time of writing, ecigs are broadly categorized into 5 generations based on design, functionality, and release chronology (Table 2.1). First-generation devices tend to
resemble conventional cigarettes visually, often having the same shape and size but are
typically heavier. Consequently, these devices are usually referred to as “cigarette-like”
ecigs or “cig-a-likes” for short [8]. Cig-a-likes come in both rechargeable and disposable variants. These devices tend to only allow very minimal user control. In most
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cig-a-likes, the atomizer automatically activates when the device detects a pressure differential during puffing. In those that do not have this feature, a small button is present
to activate the atomizer. Cig-a-likes have very restrictive flow paths, resulting in them
having high flow resistance similar to that of conventional cigarettes. Ever since the
release of second and higher generation products, the popularity of cig-a-likes have
significantly diminished [49].

Second-generation devices are typically larger and heavier than first-generation devices
while still retaining the general cylindrical shape. These “mid-size” e-cigs typically
have interchangeable or refillable tanks that store e-liquid allowing for more versatility
in usage. These devices tend to also have battery capacities that are higher than firstgeneration devices and may have adjustable power settings and replaceable heating
elements [58]. These devices typically require the user to manually fire the atomizer via
the press of a button. The amount of vapor produced depends on when the button is
pressed relative to the beginning of a puff; the longer the button is held before the start
of a puff, the longer the e-liquid is heated and aerosolized.

Third-generation devices are often referred to as “Advanced Personal Vaporizers” (APV),
“Variable Voltage Devices” (VVD), or “Mods” [58, 24]. These devices tend to be larger
and stouter than previous generation devices, with interchangeable parts such as the
heating coil, e-liquid tank, and battery. Additionally, they tend to have higher battery
capacity compared to the previous generation devices. These devices also typically include a display with a user interface and buttons that allow the user to adjust the voltage
or power sent to the atomizer, thereby allowing the user to control the amount of vapor
produced.
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Fourth-generation devices add to the growing family of ecigs [10]. Currently, the most
distinct feature of the fourth-generation device is the inbuilt temperature regulator. This
allows the user to directly manipulate the atomizer temperature, as opposed to the
indirect method of adjusting coil temperature by manipulating the voltage or power as
found in the third-generation devices. Fourth-generation devices are also sometimes
referred to as “sub-ohm” devices since their coil resistance is typically less than one
ohm. The lower coil resistance allows these devices to reach higher coil temperatures
and generate more aerosol.

Fifth-generation devices are the newest ecigs to be introduced. They are typically smaller
than most of the previous generations of ecigs except for cig-a-likes. Fifth-generation
devices tend to have a shape similar to that of a USB drive. Instead of having refillable
tanks like the third- and fourth-generation devices, the fifth-generation ecigs tend to
have disposable e-liquid cartridges called “pods”. Consequently, fifth-generation ecigs
are often referred to as “pod-style” devices. The JUUL (JUUL Labs, San Francisco, CA)
is the flagship brand that ushered in this generation.

16

2.4. Importance of respiratory behavior
TABLE 2.1: Summary of the current classifications of ecigs based on design, functionality, and release chronology

Common Name

Introduction∗ Key Features

1

Cig-a-like

2007

Rechargeable or disposable

2

Mid-sized e-cig

Unknown

Rechargeable; Refillable tanks

3

Mods

Unknown

Rechargeable;

Generation

Refillable

tanks;

Refillable

tanks;

Power control
4

Sub-ohm

2014

Rechargeable;

Power and temperature control
5

Pod-style

2015

Rechargeable;

Disposable

tanks;

Small and low profile
∗

approximate market introduction time period based on social media literature

2.4

Importance of respiratory behavior

In order to fully study tobacco use behavior, both puffing and respiratory behavior
must be considered. Traditionally, researchers have focused only on puffing behavior
as quantified by the puff topography — puff flow rate, puff duration, puff volume, and
interpuff gap — as measured using a topography monitor. In tobacco emissions studies,
these parameters are used to drive a smoking machine to generate and capture emissions from an inhaled tobacco product. The captured emissions are then chemically analyzed to determine the amount of HPHCs produced per volume of aerosol puffed, or
as a fraction of the Total Particulate Matter (TPM). The amount of HPHCs a person puffs
into their mouth can thus be obtained from the product of the puff volume (obtained
from puff topography), and the TPM of HPHCs (obtained from emissions studies). The
belief is that toxicity and health effects of tobacco product use can be extrapolated from
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puffing behavior. Puffing behavior, however, is only half of the story. Puffing behavior
by itself is insufficient for understanding dosage of toxic constituents in the respiratory tract beyond the oral cavity; the amount of product emissions entering the lungs
is additionally dependent on the manner of inhalation [68, 85, 3]. As such, both puffing
behavior and respiratory behavior are needed for predicting the delivery and retention
of nicotine and HPHCs within the respiratory tract [44, 4]. To quantify respiratory behavior, the following parameters are proposed: inhalation volume, inhalation duration,
inhalation flow rate, breath-hold1 duration, exhalation volume, exhalation duration,
and exhalation flow rate.

Respiratory parameters can also be used to study puffing and inhalation patterns. It has
been reported that users of combustible cigarettes typically exhibit a “mouth-to-lung”
(MTL) pattern [34]: a two-step process wherein a volume of emissions ( 43 [mL]; [78]) is
first puffed into the oral cavity, held there for a short duration, and then inhaled into the
lungs along with a substantially larger volume ( 790 [mL]; Tobin, Jenouri, and Sackner
[82]) of ambient air. Results from a previous observational study of Blu® Rechargeable
ecig users within the natural environment [70] showed that the mean puff volumes
ranged from 29 to 388 [mL], with a cohort mean 133 [mL]. In another study [71] with
subjects using their own cig-a-like ecigs the range was 24-114 [mL] with a cohort mean
65.4 [mL]. Given that a typical oral cavity holds around 63 [mL] [62], some participants
are puffing volumes too large to be held in the mouth and may not be exhibiting the
MTL inhalation pattern. We posit that these participants may be exhibiting a “direct-tolung” (DTL) inhalation pattern, wherein a large amount of emissions are drawn directly
into the lungs. It is also possible that some participants may not be inhaling at all and
exhibit a “mouth-only” (MO) pattern, wherein emissions are held in the oral cavity and
1 The period between the end of an inhale and the start of the exhale where the inhaled air and any
tobacco emissions are held in the lungs
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expelled without inhalation. The DTL and MO patterns have been alluded to in Higenbottam, Feyeraband, and Clark [34], but no studies have been conducted to observe
these patterns in the natural environment.

2.5

Importance of product characteristics

There are many facets to tobacco research, including how tobacco products are manufactured, marketed, used (and misused),nand their impact on user health. One interpretation of this framework, as proposed by the Respiratory Technologies Laboratory
(RTL) at Rochester Institute of Technology (RIT), is visually encapsulated in Figure 2.1.
In this view, product characteristics both manufacturer-designed (e.g. flow resistance)
and user-specified (e.g. power, e-liquid flavor) influence the way it is used (i.e. puffed
and inhaled), the amount consumed, and the emissions generated. These factors subsequently have implications on the toxicity and health effects.

Past research by RTL has shown that e-liquid composition has an impact on ecig emission composition [22] and toxicity [80, 53], and e-liquid flavor has an impact on puffing
behavior [69]. A theoretical framework for investigating the impact of product characteristics and puffing behavior on ecig emissions has been published in Robinson et al.
[72].
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F IGURE 2.1: Illustration of the interconnected pathways from product
characteristics to inhaled product emissions, consumption behavior, and
user topography behavior.

2.6

Importance of natural environment observations of tobacco
use behavior

It is important to observe behavior in the natural environment so as to yield the most realistic and relevant measurement of puffing and respiratory parameters. Tobacco product use behavior can be influenced by the location and environment. Researches have
agreed that it is important to observe tobacco puffing and respiratory behavior in freeliving conditions [55]. RTL has conducted studies to observe usage behavior of ecigs
[70, 71, 69], hookah and cigarettes [42], and JUUL in the natural use environment.

2.7

Importance of studying compensatory behavior

Studies [11, 9, 35] have shown that nicotine-dependent subjects will increase their consumption frequency of tobacco products when given lowered-nicotine products in an
effort to maintain their desired level of nicotine. Additionally, it has been observed that
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users may alter their puffing and respiratory behavior to compensate for the reduction in nicotine dose as well [81, 82, 83, 68, 4]. For example, users may hold the tobacco
product emissions in their lungs for a longer period of time (quantifiable by breath-hold
duration) or prolong exhalation of the emissions (quantifiable by exhale duration) to increase the retention of nicotine. Consequently, compensatory behavior has the potential
to render lowered-risk products, such as low-yield tobacco products, ineffective.

Although compensatory behavior has been studied extensively in combustible cigarette
users, similar research involving ecig users has been very limited. Additionally, no research has been done wherein compensatory changes in puffing and respiratory behavior have been observed in the natural use environment using a quantitative approach
as proposed in this dissertation.

2.8

Wearable technology and smart garments

Wearable technology refers to modern computerized garments and accessories, in particular those that monitor biosignals for ambulatory health monitoring. These devices
are becoming more and more ubiquitous, especially with the onset of the Internet of
Things. In the consumer market, devices such as smart watches and respiratory monitors are revolutionizing personal health-care. Users of these devices are now able to
monitor for themselves various vital biosignals such as blood oxygen level, heart rate,
breathing rate, and hydration level. These devices are typically non-intrusive and relatively inexpensive. In addition to personal wellness monitoring, wearable technology
also has tremendous potential in aiding research [2].

Researchers have shown that there are many physiological biosignals that are of interest
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in studying tobacco use behavior, including addiction and cessation [23, 54]. Many of
these biosignals can be monitored using a wearable monitor. Table 2.2 summarizes the
different biosignals that can be monitored using a wearable monitor. For the purpose
of this dissertation, a wearable respiratory monitor (WRM) will be used for observing
respiratory behavior in the natural environment.

Modern wearable technology is a rapidly evolving landscape, with improvements and
advancements being made continuously. Although the underlying principle of respiratory monitoring using chest motion was first introduced in 1967 [50], the WRMs investigated in this dissertation have only been made available in the last few years. These
new systems utilize cutting-edge technology that was not present in the past, allowing
them to surpass previous limitations and open up new opportunities.
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BP
BR
SBT

Blood Pressure

Breathing Rate

Skin/Body Temperature

Chest, abdomen

P

A biosignal is here defined as any signal within a living being that is indicative of physiological change that can be continually measured and monitored

Photoplethysmography: HR inferred from pulsatile nature of oxygen saturation waveform obtained via pulse oximetry

A biomarker is here defined as any substance that can be measured within the body of a living being which is indicative of disease and exposure

6

7

b 23.

a 54.

“S” for strong correlation, “P” predicted strong correlation, “U” for unclear/under investigation, “W” for weak correlation, “N” for no correlation, blank for not investigated

U

S

S

U

-

P

5

Blood, saliva, urine sample

Blood, saliva, urine sample

Blood, saliva, urine sample

Wrist, finger tip, ear lobe

Wrist, finger tip, ear lobe

-

Skin, muscle

Skin, muscle

Cranium

Chest

Dependant on purpose

P

in vitro with †mark indicates that the current standard is limited to in-lab rather than ambulatory measurements (as a matter of technological limitation or ergonomic limitations in wearable device implementation)

Chemical analysis

Chemical analysis

Chemical analysis

Pulse Oximetry (HbCO)

Pulse Oximetry (Hb, HbO2 )

-

Electrodes

Electrodes

Electrodes

Electrodes

Infrared, thermocouple

Plethysmography, Smart T-Shirt

Wrist

P

4

†

†

†

-

†

†

†

Sphygmomanometer (mercury, digital)

Calculated from HR

Wrist, finger tip, chest

PPG6, ECG, Steth

U

S

S

U

P

P

Ub

U

P

P

-

U

S

S

U

P

P

Sa

Sa

Ub

Wa

S

Sa

Addiction4 Exposure4 Withdrawal4

intrusiveness factored in a scoring system: 0 for not intrusive, 1 for moderately intrusive, 2 for very intrusive

0

0

-

0

3

3

0

1

1

0

-

Location

3

0

0

Sensor

2

Cig

0

0

2

2

-

2

2

1

1

1

1

2

2

2

-

Ambulatory1 Intrusiveness2 In-lab3

in vivo factored in a scoring system: 0 for no current process/method exists, 1 for process/method still in development, 2 for process/method exists commercially

C6 H8 O

Cig, Ecig

Cig, Ecig

Respiratory

Respiratory

-

Dermal, muscular

Muscular

Neurological

Cardiovascular

Dermal

Respiratory

Cardiovascular

Cardiovascular

Cardiovascular

-

Type

1

2,5-Dimethylfuran

C10 H12 N2 O

Cotinine

CO

C10 H14 N2

Carbon Monoxide

Nicotine

O

EDA

Electrodermal Activity

Oxygen

EMG

Electromyography

Biomarkers7

EEG

Electroencephalography

ECG/EKG

HRV

Heart Rate Variability

Electrocardiography

HR

Heart Rate

Acronym

Biosignals5

Name

TABLE 2.2: Summary of biosignals and biomarkers associated with nicotine addiction, exposure, and withdrawal. The table includes their classification, capabilities for in-lab and ambulatory measurements, sensor/measurement type and location.
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2.9

Measuring puffing topography

Puffing topography refers to the quantified parameters that describe puffing behavior,
including puff flow rate, puff volume, puff duration, interpuff duration, and puffing
frequency. There are many methods for observing these parameters that have been
employed in the literature. Some researchers have used indirect methods such as stopwatches [26, 17] and video recordings [25, 6] to measure puff and interpuff durations.
These methods cannot be used to measure puff flow rate or puff volume, and cannot
be easily used for natural environment observations. Hua, Yip, and Talbot [37] datamined YouTube video recordings of people using ecigs in the natural environment for
these parameters. The key limitations in these methods are: One, the accuracy of the
duration parameters are subject to human error in the part of the researcher in both the
cases of using stopwatches and analyzing video recordings; and two, it is impossible to
measure puff volume and flow rate parameters with these methods.

Alternatively, there is a more direct method that does not have the previously stated
issues. This method involves the use of a “topography monitor”, a device that is functionally a flow meter that measures the flow of emissions through a tobacco product as
it is being puffed. The tobacco product is inserted into one end of the topography monitor and the user puffs through the other end. The topography monitor electronically
records the flow rate waveform in real time as the user puffs. With this method, the
accuracy of the measurement depends on the precision of the electronics and flow path
design of the monitor and is less subject to human error. From the flow rate waveform,
the other parameters can be determined. The integral of the puff flow rate waveform
yields the volume waveform. The puff duration and interpuff duration are obtained
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from periods of greater than zero flow and periods of no flow, respectively. Many researchers have used topography monitors to conduct in-lab [52, 45, 28, 63] and natural
environment [70, 71, 5] observations of tobacco product use.

A popular commercial topography monitor is the CReSS (Borgwaldt Group, Hamburg,
Germany). Variants of the CReSS include the CReSSMicro and CReSS Pocket. The
CReSS devices were originally designed to work with conventional cigarettes and although they also work with cig-a-likes (due to their similar form-factor), they do not
support ecigs beyond the first generation. Due to this and other limitations [70], the
RTL has chosen to develop its own series of topography monitors called the wPUM™
topography monitors. Each series of wPUM™ topography monitors is developed for a
specific target tobacco product. Presently there are wPUM® topography monitors for
conventional cigarettes, cig-a-likes, hookahs, and JUUL ecigs.
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3 Review of Theories and Methods
for Measuring Respiration

3.1

Overview

There are many ways to measure respiratory volume and flow. The gold-standard
method is to use a spirometer, which is a device that measures the flow rate and volume
of air flowing into and out of the mouth. Although spirometry is the most direct method
of measuring respiratory parameters, it is impractical for long-term observation and is
unsuitable for natural environment observations. Additionally, because spirometers require breathing in and out through the mouth, it would not be possible to use it while
also puffing a tobacco product. Another method of measuring respiration involves the
use of nasal thermistors and pressure transducers, which allows for observation of inspiratory and expiratory flow through the nose. This method too is unsuitable for observing tobacco use behavior because it does not measure flow through the mouth,
which is typically how people inhale during product use. Additionally, spirometers
and nasal cannulas introduce ergonomic and aesthetic concerns which could negatively
influence the acceptability and compliance of the study participants.
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Alternatively, a non-intrusive method for measuring changes in respiratory volume1 via
chest motion has previously been introduced. By continuously observing chest motion,
quantitative respiratory parameters such as inhalation volume, inhalation flow rate,
and breath-hold duration, can be calculated.

In this chapter, a review of the theory and method for measuring respiratory parameters
using chest motion is presented. Additionally, previous and contemporary efforts as
well as their methodologies to study tobacco product inhalation behavior are reviewed.

3.2

Measuring respiration using chest motion

Konno and Mead [50] claimed that for the purpose of determining change in respiratory
volume, the respiratory system can be modeled as a system with two parts connected in
series: the thorax (TC) and the abdomen (AB). Each part represents a control volume
that, when combined, accounts for the total volume in the respiratory system. This system is said to have a single degree of freedom (DOF) if no air flow is allowed to enter or
leave the lung (i.e. both the mouth and nose are occluded). This is the closed-system case.
In this scenario, any change in volume in one part will result in an equal and opposite
change in volume of the other part. This phenomenon is crucial in the monitoring of
sleep apnea, wherein the airway is obstructed, resulting in the TC and AB excursion
being out of phase. If air flow is allowed to enter the system, as in the case of normal
breathing, the system is said to have two DOF since each part can move independently.
This is the open-system case. The change in volume of one part no longer necessitates an
equal and opposite change in the other since the the net change in volume is distributed
amongst the two parts. Typically under this condition, the TC and AB excursion will
1 The

measurement of change in volume within some part of the body is referred to as plethysmography.
The measurement of changes in respiratory volume is therefore a form of plethysmography and may
sometimes be referred to as lung plethysmography in the literature
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be in phase. Equations (3.1) and (3.2) illustrates the mathematical relationship between
inlet volume, denoted as VSP [volume] to signify volumetric measurement by spirometry, and change in volume of the thoracic (VTC [volume]) and abdominal (VAB [volume])
cavities for the open and closed systems respectively. It should be noted that due to the
conservation of mass, the volume of air entering the lungs through the upper-airway
from the nasal and oral pathways is the same as the net change in respiratory volume.
As such VSP is also the change in respiratory volume.

Open-system model:
∆VSP = ∆VTC + ∆VAB

(3.1)

Where:

VSP - is the change in inlet volume
∆VTC - is the change in volume of the thoracic cavity
∆VAB - is the change in volume of the abdominal cavity

Closed-system model:
0 = ∆VTC + ∆VAB

(3.2)

Where:

∆VTC - is the change in volume of the thoracic cavity
∆VAB - is the change in volume of the abdominal cavity

Konno and Mead [50] claimed that each part has a single DOF and thus its motion can
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F IGURE 3.1: Respiratory system modeled as a two-part, thoracic (TC)
and abdominal (AB), system based on theory by Konno and Mead [50]
for the purposes of inferring inhalation volume from chest motion. The
closed- and open-system conditions are shown, corresponding to occluded and non-occluded upper airway (flow through mouth and nose)
states, respectively. In the closed-system state, volume displacements between TC and AB are equal and opposite. In open-system state, net volume displacement in TC and AB is equal to net volume entering/exiting
the system

be expressed by a single independent variable, i.e. change in thoracic or abdominal circumference or cross-sectional area. Since physiologically the motion of a part is tied to
the change in its volume, the measured motion of a part can be mathematically correlated to its change in volume. By combining the motion of the two parts, the net change
in respiratory volume can thus be determined. As a result, Equation (3.1) can be modified to Equation (3.3), where TC and AB are instantaneous movement signals measured
in arbitrary units (e.g. [count]) and KTC [volume/count] and K AB [volume/count] are
scaling factors that convert the movement signals to change in volume. In this manner, instantaneous change in respiratory volume (i.e. inhalation volume), SP, can be
obtained continuously as long as TC and AB are measured.
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SP = KTC ( TC ) + K AB ( AB)

(3.3)

Where:

SP - is the instantaneous change in respiratory volume
TC - is the instantaneous thoracic motion waveform
AB - is the instantaneous abdominal motion waveform
KTC - is the calibration parameter that converts thoracic motion to volume
K AB - is the calibration parameter that converts abdominal motion to volume

The scaling factors KTC and K AB are typically called Volume-Motion (V-M) coefficients
(or simply as calibration parameters or coefficients in this dissertation), owing to the fact
that they correlate motion signals to volume signals. The calibration coefficients must
be obtained via a process called calibration. The calibration coefficients also signify the
degree of contribution each part has on the system, represented by the ratio of each
calibration coefficient over their sum (Equations (3.4) and (3.5)).

%TC =

K AB
K AB + KTC

Where:

TC - is the instantaneous thoracic motion waveform
KTC - is the calibration parameter that converts thoracic motion to volume
K AB - is the calibration parameter that converts abdominal motion to volume
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%AB =

KTC
K AB + KTC

(3.5)

Where:

AB - is the instantaneous abdominal motion waveform
KTC - is the calibration parameter that converts thoracic motion to volume
K AB - is the calibration parameter that converts abdominal motion to volume

Konno and Mead [50] showed that the TC motion and the AB motion accounts for 30%
and 70% (mean of N=6 “normal” adult males) of respiratory volume change during normal breathing while standing. Physically, this means that the abdomen expands more
than the thorax during normal breathing. Similarly, while supine, the contributions
were found to be 34% and 66%, respectively. Although the contributions are similar
between the two postures, the calibration coefficients are sensitive to posture. Additionally, they may be sensitive to how the motion measurements are made (i.e. type
of sensor and the position on the body), the breathing regime (natural versus deep inhalations), and body type variations. These factors may prevent accurate generalization
of the calibration coefficients across subjects using the same WRM and necessitate persubject calibration.

Even when uncalibrated, chest motion data can still provide a wealth of information. In
particular, the various temporal- and frequency-based parameters can still be obtained
without the need of calibration coefficients. For example, the duration of inhale, exhale,
and breath-hold can be determined directly from the rise and fall of the TC and AB signals (i.e. a rise in the signal corresponds to an inhale, a stationary signal corresponds to
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F IGURE 3.2: Approximate locations for the thoracic (TC) and abdominal
(AB) measurements for calculating respiratory volume

breath-hold, and a fall in the signal corresponds to exhale). Additionally, the instantaneous breathing rate can be determined from the inverse of the full inhale cycle duration. When both TC and AB are measured, any asynchronous motion detected between
both signals can be indicative of pulmonary diseases and sleep disorders. This is why
chest motion is often monitored as part of polysomnography (PSG), a multi-parametric
sleep study. In PSG, many biosignals are recorded during the course of sleep. These include brain (EEG) and heart (ECG) activity, blood oxygen levels (using pulse oximetry),
body motion (using inertia sensors), respiratory airflow (using a nasal thermistor and
pressure transducer), and abdominal and thoracic motion (using digitized chest belts).
In most PSG tests, it is unnecessary to calibrate the chest belts since respiratory airflow
is already obtained via another source and it is sufficient to just look at the TC and AB
signals qualitatively. Although the signals are in arbitrary units, they can inform variation in respiratory effort (by comparing the relative changes in signal magnitude) and
the presence of sleep apnea. The chest belts used in PSG have been designed to be minimally intrusive so as not to cause discomfort to the user while sleeping. In addition
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to clinical studies, uncalibrated chest motion data is used in WRMs to report breathing
rate during exercise.

Although the theory by Konno and Mead [50] is based on the idea that the respiratory
system is modeled as having two parts, it is possible to forgo one part and still be able
to obtain meaningful data. Some WRMs only have a single sensor, and thus are only
able to measure either TC or AB. In this manner, the temporal- and frequency-based
parameters can still be obtained since under normal breathing conditions, TC and AB
move in-phase and therefore they are redundant (for the purposes of measuring temporal and frequency parameters). It would, however, be difficult, if not impossible, to
measure accurate volume-based parameters. Even though TC and AB move in-phase,
their magnitudes (i.e. contribution to volume) are dependent upon various physiological factors and breathing patterns. For example, some people may breathe more with
their abdomen than their thorax. As such, if only one measurement source is used,
some of this information is lost and the measured volume may not be accurate.

3.3

Review of WRM calibration techniques

In order to obtain quantitative volumetric parameters using a WRM, it must first be
calibrated. The respiratory signal measured by a WRM corresponds to either changes
in circumference (piezoresistive or strain gauge based sensors) or cross-sectional area
(inductance based sensor). These “motion” signals are typically in arbitrary units (e.g.
digital count), with characteristics specific to the sensor and signal processing circuitry
employed in the data logging module. Additionally, the WRM response is also sensitive to physiology of the user, both in torso structure as well as in the way the thorax
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(TC) and abdomen (AB) move in relation to each other during breathing. This necessitates that each WRM must be calibrated to the user wearing it. It is unlikely that the
calibration would be generalizable across users and WRMs. The calibration process is
the process of obtaining the “Volume-Motion” (calibration) coefficients that relate the
TC and AB signals to a known volume signal (SP) typically measured using a spirometer. Mathematically, the calibration coefficients scale the respiratory signals in arbitrary
units to real volumetric measurements.

SP = KTC ( TC ) + K AB ( AB)

(3.6)

where:

SP measured spirometer volume signal [volume]
TC measured thoracic motion signal [count]
AB measured abdominal motion signal [count]
KTC calibration coefficient [volume/count] obtained from calibration
K AB calibration coefficient [volume/count] obtained from calibration

Since TC and AB can move independent of each other, two calibration coefficients need
to be obtained. As such, Equation (3.6) can not be solved directly since it is a single
equation with two unknowns (KTC & K AB ). A few techniques have been proposed and
validated over the years to obtain these calibration parameters. These techniques are
described in the following sections.
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3.3.1

Isovolume Maneuver (ISV)

The Isovolume Maneuver (ISV) calibration technique, proposed by Konno and Mead
[50], relies on the assumption that when the upper airway is obstructed, the respiratory
system can be modeled as a system with a single degree of freedom and two compartments: the thorax (TC) and the abdomen (AB). Since there is only one degree of
freedom, any change in one compartment will induce an equal and opposite change in
the other. Hence, by shifting all volume from one part to another, the calibration coefficients can be obtained. In practice, this is achieved in the following manner: First,
the subject inhales a known volume (SPv ) of air and stops breathing. The subject shifts
the entire volume of air into AB. The assumption is that by doing so, the contribution of TC is zeroed and thus Equation (3.6) becomes Equation (3.7). Then, the subject
shifts the volume of air into TC. Which similarly zeroes the contribution of AB and thus
Equation (3.6) becomes Equation (3.8). The calibration coefficients K AB and KTC can be
calculated using Equation (3.7) and Equation (3.8), respectively. The downside to this
technique is that it requires considerable cooperation from the subject and untrained
subjects may not be able to perform this maneuver reliably or safely.

SPv = 0 + K AB ( AB)

(3.7)

SPv = KTC ( TC ) + 0

(3.8)

where:

SPv measured spirometer volume [m3 ]
TC measured thoracic motion signal [count]
AB measured abdominal motion signal [count]
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KTC calibration coefficient [m3 /count]
K AB calibration coefficient [m3 /count]

3.3.2

Simultaneous Equation Method (SEM)

Sackner et al. [74] described a different method of calibration, called Simultaneous
Equation Method (SEM), based on the notion that the contributions of TC and AB compartments to the measurement of SP can be deliberately changed (e.g. by adjusting
posture), as observed in Konno and Mead [50]. By measuring TC and AB under two
independent conditions, supine and standing for example, a system of linear equations
(Equation (3.9)) can be constructed using Equation (3.6). With two equations, the two
unknown calibration coefficients K AB and KTC can now be solved for (Equation (3.11)).

SP1 = KTC ( TC1 ) + K AB ( AB1 )

(3.9)

SP2 = KTC ( TC2 ) + K AB ( AB2 )

(3.10)

which can be re-arranged into:
AB1 ∗ SP2 − AB2 ∗ SP1
TC2 ∗ AB1 − TC1 ∗ AB2
TC1 ∗ SP2 − TC2 ∗ SP1
=
TC1 ∗ AB2 − TC2 ∗ AB1

KTC =

(3.11)

K AB

(3.12)

where:

SP1 measured spirometer volume [m3 ] under condition 1 (e.g. standing)
SP2 measured spirometer volume [m3 ] under condition 2 (e.g. supine)
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TC1 measured thoracic motion signal [count] under condition 1 (e.g. standing)
TC2 measured thoracic motion signal [count] under condition 2 (e.g. supine)
AB1 measured abdominal motion signal [count] under condition 1 (e.g. standing)
AB2 measured abdominal motion signal [count] under condition 2 (e.g. supine)
KTC calibration coefficient [m3 /count]
K AB calibration coefficient [m3 /count]

This method proved to be useful in initial studies, but later studies showed that the
method is not accurate due to the sensitivity of the calibration coefficients to the change
in posture [87].

3.3.3

Least-Squares Method (LSQ)

Chadha et al. [15] proposed the least-squares method (LSQ) calibration technique that
is an extension of the SEM method. By dividing Equation (3.6) by the measured spirometer volume (SP), Equations (3.13) and (3.14) can be obtained. In this method, the calibration maneuver is conducted in various postures, thus varying the contribution of TC
and AB for various volumes. The

( TC )
SP

is plotted against K AB

( AB)
SP

and a simple linear

regression is fitted to the data.

SP
( TC )
( AB)
= KTC
+ K AB
SP
SP
SP

(3.13)

which is equivalent to:
1 = KTC

( AB)
( TC )
+ K AB
SP
SP

Where:
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SP - is the instantaneous change in respiratory volume
TC - is the instantaneous thoracic motion waveform
AB - is the instantaneous abdominal motion waveform
KTC - is the calibration parameter that converts thoracic motion to volume
K AB - is the calibration parameter that converts abdominal motion to volume

The intercepts of the resultant plot are then used to calculate the calibration coefficients:
KTC (Equation (3.15)) and K AB (Equation (3.16)).

1 = KTC

( TC )
SP

(3.15)

Where:

SP - is the instantaneous change in respiratory volume
TC - is the instantaneous thoracic motion waveform
KTC - is the calibration parameter that converts thoracic motion to volume

1 = K AB

( AB)
SP

Where:

SP - is the instantaneous change in respiratory volume
AB - is the instantaneous abdominal motion waveform
K AB - is the calibration parameter that converts abdominal motion to volume
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This method is functionally similar to the SEM calibration method, but instead of performing the calibration under 2 conditions (e.g. supine and standing postures), a larger
number of conditions are sampled, yielding a more accurate model.

3.3.4

Qualitative Diagnostic Calibration (QDC)

Sackner et al. [75] proposed a calibration method they called Qualitative Diagnostic Calibration (QDC). QDC is based on the assumption that during natural breathing there is
breath-by-breath variability in TC and AB contributions. By exploiting this variability,
there is no longer a need to deliberately change conditions (e.g. posture) in the determination of the calibration coefficients. As such QDC is a “single-posture” calibration
technique, similar to ISV. The only stipulation is that the tidal volume must be similar
from breath-to-breath. The governing equation (Equation (3.17)), as described by Sackner et al. [75], is an alternate representation of Equation (3.6), where KTC = M ∗ K and
K AB = M. The mathematical derivation of QDC from MLR is described in detail in
Millard [59].

∆VSP = M [K (∆uVTC ) + ∆uVAB ]

(3.17)

K is the proportionality constant that scales the uncalibrated thoracic signal (uVTC ) to
the uncalibrated abdominal signal (uVAB ). M is the constant that scales the weighted
sum of the two signals (K (∆uVTC ) + ∆uVAB ]) to an absolute volumetric measurement
(e.g. from spirometry). In addition to the assumption that the respiratory system has
only two degrees of freedom, this method assumes that natural breathing provides a
constant tidal volume. In this case, ∆VSP = 0, and thus Equation (3.17) becomes K =
40

3.3. Review of WRM calibration techniques

−∆uVAB /∆uVTC . By exploiting the notion that the standard deviation (SD) of each signal varies from breath-to-breath, K can be calculated from K = −SD (∆uVAB )/SD (∆uVTC ).

Although this method provides the convenience of not having to make subjects perform
special maneuvers, the accuracy has been questioned. A number of studies [30, 46] have
pointed out some weaknesses of this method. Additionally, this is a single posture
calibration technique and may not be generalizable to other postures. Sackner et al. [75]
suggest that the deterioration of the accuracy due to posture change may be a result of
a shift in the factor M, rather than K. Brüllmann et al. [12] demonstrated that K and
M remained stable over time in a particular posture, but changed with posture change.
These coefficients, however, returned to their previous values once the posture change
was reverted.

Millard [59] proposed a calibration technique that expands on QDC. In this method, the
calibration coefficient, K, is updated at each respiratory cycle and therefore is accurate
to each inhalation cycle and is more responsive to dynamic changes. However, the
scaling factor M would also need to be updated at each respiratory cycle, which is
not possible unless the subject continuously wears a spirometer, thereby defeating the
purpose of using chest motion to measure inhalation volume in the first place. As such,
this method can only give an estimate of relative tidal volume change. This is done by
setting M = 1. Consequently, this method is only suitable in applications where only
qualitative respiratory parameters are desired, such as in PSG.
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3.4

Chest motion sensor technologies

Based on the theory by Konno and Mead [50], only a single continuous movement measurement is needed for each part, TC and AB. During inhalation and exhalation, the TC
and AB cross-sections experience changes in their anteroposterior and transverse diameters, circumferences, and cross-sectional areas. Early studies, such as those by Konno
and Mead [50] and Grimby, Bunn, and Mead [29] used magnetometers to measure the
anteroposterior or transverse diameter changes. Cohn et al. [18] introduced the use of
inductance-based sensors, which they called Respiratory Inductance Plethysmography
(RIP), that measured the changes in cross-sectional area. Piezoresistive (PR) and strain
gauge (SG) sensors, which measure circumferential changes, have also been used. More
recently, a proprietary capacitance-based smart-fabric material has been developed and
sold by StretchSense that also measures circumferential change. In addition to these
commercial sensing technologies, researchers have investigated alternative methods
based on other technologies such as Electrical Impedance Tomography (EIT) [27]2 and
split-ring resonators [16].

3.5

Prior and contemporary work focused on measuring respiratory behavior associated with tobacco use

The author is presently aware of two main groups attempting to use WRM technology to measure respiratory behavior associated with tobacco use: (i) The Respiratory
Technologies Laboratory (RTL) research group at Rochester Institute of Technologyand
(ii) The PACT research group at the University of Alabama. In this section, the current
contribution of each group will be discussed.
2 Frerichs proposed that there are presently three general uses for thoracic EIT in adults: “(i) monitoring
of mechanical ventilation, (ii) monitoring of heart activity and lung perfusion and (iii) pulmonary function
testing”
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3.5.1

RTL Research Group

The majority of the progress that has been made toward developing a method for natural environment observation of tobacco smoke inhalation by RTL has been through
the effort of RIT students as part of a series of Multidisciplinary Senior Design (MSD)
projects and work-for-hire as part of the Undergraduate Research Program. The most
recent endeavor (2013) was by a work-for-hire student that compared the viability of
using a Smartex WWS (WWS; Figure 3.3) and a Equivital EQ02 (EQU; Figure 3.4). The
student decided that the EQU is more suitable than the WWS, since it supposedly provided more reliable data. The student then conducted a study wherein ecig users were
recruited (N=22) and provided with a puff topography monitor and a EQU. The student encountered issues processing respiratory volume data for some of the subjects
and later concluded that the issue must be due to a malfunctioning EQU. It is observed
from robust testing of the EQU and the WWS () that these systems are not suitable for
the target application of ambulatory monitoring of inhalation behavior, in particular
when it comes to measuring breath-hold duration.

3.5.2

PACT

A group of researchers (henceforth called the “PACT group”) at the Department of Electrical and Computer Engineering, The University of Alabama, Tuscaloosa, AL, U.S.A,
has been studying methods of monitoring inhalation behavior of combustible cigarette
users within the natural environment. Their work has primarily involved developing
sensors and DACs, which they incorporated into a wearable system called the Personal
Automatic Cigarette Tracker (PACT). The PACT was developed for measuring various
physiological data from a user during cigarette usage, such as respiratory parameters
using chest belts and smoking incidents using RF hand-to-mouth gestures (HMG). They
also developed techniques for analyzing the collected data, utilizing machine learning
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F IGURE 3.3: Example Smartex WWS spirometer calibration data. Figure
taken from RTL student researcher’s Summer Research Symposium presentation (circa 2013)

algorithms.

3.5.2.1

Publications

In 2011, Lopez-Meyer and Sazonov published a study wherein they proposed an algorithm for automatic breath segmentation (identifying individual inhalation-exhalation
cycles) from respiration data obtained from RIP [57]. Data from regular smokers (N=4)
were collected using two commercial zRIP (Pro-Tech Inc) chest bands, one for TC and
another for AB. The VT signal was calculated from the mean of TC and AB signals.
The segmentation algorithm identified the start of inhalation and exhalation from the
valleys (local minima) and peaks (local maxima) of the VT signal. The algorithm was
validated using a leave-one-out cross-validation training, where data from one participant was used to validate the data from the remaining participants in iteration. Their
goal was to be able to perform automatic breath segmentation on data obtained from
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F IGURE 3.4: Example Equivital spirometer calibration data. Figure taken
from RTL student researcher’s Summer Research Symposium presentation (circa 2013)

free-living conditions, which would require the ability to discriminate inhalation and
exhalation events from other non-breathing events (including eating, reading, smoking, etc.). The algorithm was able to achieve an accuracy of around 92% under different
activities including resting, reading, food intake, and smoking. It is stated that the algorithm may not be able to measure breath-holds because the end of one exhale and
the start of a new inhale would be labeled as the same valley. The group proposed
looking at the airflow signal (AT) calculated from the first-derivative of the VT signal, as
potential signal for identifying breath-hold.

In [55], they state that the method of determining smoking parameters in the natural
environment using a flow meter (puff topography monitor) attached to a cigarette is
not ideal as it may influence vaping behavior, citing Höfer, Nil, and Bättig [38]. They
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also claim that, even when a portable puff topography device is used, there is significant under-reporting of cigarette consumption. Their solution was to develop a system
that they claim would not require conscious effort on the part of participant (i.e activation and utilization of a puff topography monitor) for data collection, eliminating the
need for the participant to report cigarette consumption. They proposed using handto-mouth gesture as the indication of the start of a puff by employing a hand-attached
RF transmitter and an antenna attached to the chest area of the participant [77]. When
the hand moves close to the mouth, as part of a typical cigarette smoking gesture, the
system would register a spike in the RF signal. This spike acts as a temporal marker for
investigating respiratory parameters. They concluded that the RF hand gesture technique proposed in the article is a suitable and viable method for determining smoking
incidents. They continued to utilize this as part of PACT and further developed this
technique in their subsequent studies [55, 56, 67, 66, 76, 65, 7, 39]. In addition to the
RF hand gesture module, they incorporated an instrumented cigarette-lighter to their
updated system, PACT2.0 [39].

F IGURE 3.5: The Personal Automatic Cigarette Tracker (PACT). Figure
taken from Patil, Tiffany, and Sazonov [65]

The group reported four components that make up a single cigarette smoking respiratory cycle. In order, from start to end: (i) Apnea, smoke drawn through the cigarette into
the mouth, evidenced by minimal or no VT signal change during the period; (ii) Inhale,
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smoke and air mixture drawn into the lungs, evidenced by a large increase in VT signal, (iii) Holding, wherein the user holds the inhaled smoke and air mixture within the
lungs, and (iv) Exhale, air and residual smoke exhaled through the nose and/or mouth
of the user. An example inhalation pattern showing these four components can be seen
in Figure 3.6.

F IGURE 3.6: Four components that make up a respiratory cycle as reported by Ramos-Garcia, Sazonov, and Tiffany [67]. Figure taken from
Ramos-Garcia, Sazonov, and Tiffany [67]

3.5.2.2

PACT Group Research Timeline:

2011 - Automatic breath segmentation from TC and AB RIP signals using valley-peak
detection algorithm [57]

2011 - Investigated feasibility of using RF (essentially a proximity sensor) hand-tomouth (HMG) gestures to determine cigarette smoking incident [77]

2013 - Investigated feature extraction (apnea - sharp increase in tidal volume - holding

47

Chapter 3. Review of Theories and Methods for Measuring Respiration
- exhale) using HMG signals as temporal markers and using Support Vector Machines (SVM) classification technique (LIBSVM package) [55]

2013 - Investigated measuring and identifying RF HMG in the natural environment including smoking and non-smoking activities [56]

2013 - Investigated using computed features rather than raw VT for feature extraction
and classification [66]

2013 - Disseminating results (1 min RR, peak-to-peak tidal volume, peak-to-peak airflow) obtained from 20 participants that performed 12 activities including cigarette
smoking [76]

2014 - Investigated the impact of subject physiology (i.e. BMI) and body position on
quality of sensor signals [65]

2015 - Investigated using decision tree ensemble classification techniques (boosting
(AdaBoost), bootstrap aggregating (bagging), and Random Forests) for classification [7]

2017 - Investigated using Hidden Markov Modeling (HMM) classification technique
[67]

2017 - Development and validation of PACT2.0 system which includes hardware upgrades (miniaturization) over PACT1 as well as addition of new sensors (e.g. GPS,
accelerometer, gyroscope, bio-impedance sensor). Investigated the feasibility of

48

3.5. Prior and contemporary work focused on measuring respiratory behavior
associated with tobacco use
using bio-impedance sensor instead of RIP. Prior PACT studies have not been validated in the natural environment. PACT2.0 validation included a bench-top test
and natural environment human-study with survey of system acceptance. [39]

At the time of this writing, the most recent publication by the PACT group is Imtiaz
et al. [39]. This study is the first to introduce their new, upgraded PACT system called
PACT2.0. The focus of this study is on characterizing and validating this new system.
By considering this article as the culmination of the work leading up to this point, the
following positive contributions and limitations are identified:
3.5.2.3

Positive Contributions

The group is so far the only one that has seriously investigated inhalation patterns of
cigarette users with the goal of natural environment observation, and have developed
robust measurement systems and data processing routines. They have shown that the
method of using chest motion to infer quantitative respiratory volume is viable even
though they have yet to demonstrate it. The PACT2.0 system appears to be an improvement upon the original PACT, with the key changes being in the miniaturization of
existing sensors and the addition of new sensors. As a whole, the PACT2.0 is a multimodal sensor system that is able to collect vaping behavior data, including smoking
incidents (inferred from HMG and instrumented-lighter data), inhalation volume parameters (inferred from chest belt data), and ecological momentary assessment data,
such as GPS, HR, HRV, etc. Although not described in great length in this publication,
data collected from various sensors in PACT2.0 is also processed using algorithms that
have been developed from many years of experience. PACT2.0 is embedded onto standard commercially available T-shirts which make it potentially more user-friendly and
ergonomic than a custom-made suit. The PACT group developed their own electronic
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DAC modules for the various sensors used and the circuit designs were published in the
articles. A technique for synchronizing the clocks and data timestamps of the various
DAC modules was also described and may be of use considering the current proposed
system includes at least two components with separate clocks. The statistics on average
chest circumferences may prove to be useful when purchasing new WRMs.

3.5.2.4

Limitations

The PACT group chose to not include a puff topography monitor as part of the PACT
system. By choosing to not use a puff topography monitor, they are missing the opportunity to collect topography data. One could argue that by directly measuring respiratory parameters, such as inhalation volume, the need for measuring topography
is circumvented because the former provides the more relevant information when it
comes to the health effects and toxicology. The amount and manner in which emissions
are inhaled into the lungs inform the potential health impacts. Presently, however, researchers in TRS still rely on topography data as a measure for vaping behavior. Indeed,
there is presently a lack of realistic topography which is much needed in determining
realistic emissions intake. To that point, there is no way to infer the amount and quality of the smoke that enters the lungs with just knowing inhalation volume since that
volume is made up of an unknown ratio of air and smoke. Research [51, 48] has shown
that the concentration and mass fraction of TPM and the various HPHCs are influenced
by various topography parameters, such as flow rate and volume.

The added benefit of a puff topography monitor is that there is no need for a secondary
system to determine smoking incidents. The topography data itself can also provide
the temporal data to help isolate relevant time segments for the other signals. By incorporating a puff topography monitor, there would no longer be a need for HMG and the
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instrumented lighter.

Ergonomics and aesthetics are important considerations that must be made for any
wearable system meant for natural environment usage since these factors can potentially influence behavior. This is why the system with the lowest profile would be the
most preferred. The user may feel uncomfortable using the hand module in public.
Some users may have their own preferred cigarette lighter. Some users may even consider them as vanity items which when replaced by an instrumented lighter may change
the appeal of smoking.

The exclusion of a puff topography monitor does not seem to make up for the added
complexity HMG and instrumented lighter data bring to the data processing as well as
the ergonomics and aesthetics of the whole system. For this dissertation, a puff topography monitor will be used to address all these issues.

The PACT group has only investigated combustible cigarette usage. It is unclear if
they have any interest in studying other inhaled tobacco products beyond just combustible cigarettes. For this dissertation, smoking patterns will be studied for combustible cigarettes, ecigs, and waterpipes. Furthermore, if time permits, dual and multiuse will also be investigated.

Of the studies published thus far by the PACT group, no actual results of respiratory
parameters in volumetric units have been reported. The group has mainly reported
results in VT and AT which are arbitrary. In order to get volumetric units, the chest
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belt must be calibrated on the user using a spirometer. Imtiaz et al. [39] is the first
mention of calibrating the chest belts, but no results in volumetric units were reported.
Additionally, sometime between 2015 and 2017, the group switched from using the ProTech zRIP chest belts to using SleepSense RIP belts. No reason was given for this switch.

The group has only focused on the MTL pattern in their analysis. This is understandable since MTL is the typical inhalation pattern for combustible cigarettes. For this
dissertation, in addition to the MTL pattern, the DTL inhalation pattern will also be
investigated.

One key respiratory parameter of interest is breath-hold. The PACT group acknowledges breath-hold as one of the steps in a typical respiratory cycle, however, they have
yet to report specific results relating to breath-hold. For this dissertation, breath-hold
is a key parameter of interest and special care is given in the selection of the WRM to
measure it. Additionally, as part of validating the chest belts, the PACT group did a test
where they stretched the belt and measured the response, which they found to be linear.
They, however, did not test the behavior of the belt when stretched at different speeds.
Upon characterizing (Section 4.3.7.1) the EQU as a WRM candidate, this dissertation
found the respiration signal to be a function of both stretch distance (strain) and stretch
speed (strain rate). The implication of this is that there is no way to obtain deflection
from the chest belt response without first knowing the speed of stretch. For this dissertation, special care has been given in the selection of sensors to ensure that the sensor
response has a one-to-one relationship with deflection, independent of deflection rate.

In Imtiaz et al. [39], the participants were required to log the start and end timestamps
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of every cigarette they smoked into a custom smartphone app. This requirement is
potentially disruptive and may influence natural behavior. For this dissertation, all
data logging will be done automatically. The goal is to have minimal user intervention
during the observation period.

The PACT group has developed, over the course of many years of research, different
methods of analyzing the raw data they collected. In particular, their focus has been
on using machine-learning techniques to identify and classify respiratory parameters
and patterns in the chest belt data. To this end, they have investigated many machinelearning techniques but it is unclear if they have found a suitable method. Presently,
for the purposes of this dissertation, it does not seem that complex data processing
methods are necessary. This, however, may change as the work progresses.
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4 Aim 1: Review Existing Methods
and Theories for Measuring
Ambulatory Respiratory Topography

4.1

Overview

In this chapter, a method for measuring respiratory topography parameters in the natural environment using wearable respiratory monitor (WRM) is presented. Current commercially available WRMs were identified and assessment attributes were developed
for evaluating each WRM to determine which was the most suitable for this application. The theoretical model that correlates chest motion waveforms measured using the
WRM to respiratory volume is discussed.
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4.2

Specific Aims

Aim 1 - Review Existing Methods and Theories for Measuring Ambulatory Respiratory Topography
Aim 1.1 - Hardware: Select commercially available or develop a new wearable respiration monitor (WRM)
Aim 1.2 - Theory: Apply existing theoretical model or develop a new model that relates
WRM signals to inhaled volume

4.3

Aim 1.1 - Hardware

A total of 9 commercially available WRMs were identified: (i) LifeShirt (Vivometrics
Inc., Ventura, CA, USA), (ii) Equivital EQ-02 LifeMonitor (Hidalgo Inc., Swavesey, UK),
(iii) Smartex WWS (Smartex s.r.l., Pisa area, Italy), (iv) Hexoskin Smart Garment (Carré
Technologies Inc., Montréal, PQ, Canada), (v) Zephyr BioHarness (Zephyr Technology
Corp., Annapolis, MD, USA), (vi) Nox T3 and the Nox A1 (Nox Medical Global, Reykjavík, Iceland), (vii) BioRadio (Great Lakes NeuroTechnologies, Independence, OH,
USA), (viii) SleepSense Inductance Belt (S.L.P. Inc., Elgin, IL, USA), and (ix) ezRIP and
zRIP DuraBelt (Koninklijke Philips Electronics N.V., Amsterdam, Netherlands). All
these WRMs nominally measure chest motion, either at the thoracic (TC), the abdomen
(AB), or both in addition to other sensor modalities (ECG, EMG, body temperature etc).
To determine which WRM was most suitable for ambulatory measurement of respiratory parameters in the natural environment, six assessment criteria were developed: (I)
Chest Motion Data, (II) Data Analysis Software, (III) Ambulatory Observation Capabilities, (IV) User Acceptability, (V) Purchasing Constraints, and (VI) Affordability. There
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are specific product characteristics associated with each of these attributes. For example, the type and number of chest motion sensors in a WRM are related to Attribute I.
The details of each WRM, the assessment attributes, and associated product characteristics are presented in Jayasekera, Hensel, and Robinson [41].

From the investigation, it was observed that none of the 9 WRMs were ready out-of-thebox for the intended application. In particular, three main shortcomings were identified.
One, none of the WRMs come with software to calculate respiratory parameters from
the respiratory waveform and only one third-party software was found that claimed
it can perform the calibration necessary to convert the chest motion waveform measured by the WRM to the respiratory waveform. Second, none of the WRMs have been
validated for measuring ambulatory respiratory topography parameters. Three, the
measurement accuracy and detailed functionality of the chest motion sensors were not
disclosed by the manufacturers. This is important in particular because the ability to
calibrate the chest motion waveforms to respiratory volume depends on the accuracy,
repeatability, and response linearity of the sensors. Due to these reasons, it was determined that a few WRMs needed to be acquired for benchtop characterization which
would test their ability to be calibrated and also provide an opportunity for software
development. Ultimately, one WRM would be chosen and fully characterized and validated for ambulatory measurement of respiratory parameters in the natural environment.

Three WRMs were selected based on the type of chest motion sensor they each had:
the Equivital EQ02 which has a strain gauge sensor, the Smartex WWS which has the
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piezoresistive sensor, and the Hexoskin which uses an inductance sensor. The difference in terms of performance between these sensors was something that was not able
to be discerned given the absent or limited information in the product specifications, as
well as uncertainty of actual versus advertised performance.

In order to facilitate systematic testing of these WRMs, a programmable chest expansion simulator capable of exciting the respiratory sensors in a controlled and systematic
way was built. This test setup allowed testing of the response linearity, ability to measure breath-hold, and other characteristics of interest reliably and repeatably. Since the
respiratory sensors in all the WRMs of interest respond to circumferential stretch, either directly in the case of the strain gauge sensor (EQU) and the piezoresistive sensor
(WWS), or indirectly in the case of the inductance sensor (HX), the test setup would
need to be able to mimic an expanding and contracting torso. The theory behind how
each sensor operates is discussed in Jayasekera, Hensel, and Robinson [41]. The first
test setup built (Appendix A) was able to perform the tests needed but had some limitations, namely the inability to measure stretch in real time. A second test setup was
built (Appendix B) to address these issues.

4.3.1

Investigating the characteristics of the chest motion sensors in select
WRMs using a benchtop test setup

A number of investigations and their outcomes are outlined in the subsequent sections.
These investigations are on the three candidate WRMs that were acquired for further
characterization: (i) Equivital EQ02 (EQU), (ii) Smartex WWS, and (iii) Hexoskin (HX).
The investigations serve a two-fold purpose. First, they serve to satisfy the objective of
testing each WRM on specific criteria so as to determine the most suitable system for
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ambulatory measurement of respiratory parameters in the natural environment. Second, the investigations serve to provide more information on the operating range, response behavior, features and limitations, and other subtleties of the operation of each
WRM. In doing so, each WRM can be compared quantitatively and qualitatively to inform the decision to choose the most suitable one. The characterization process of the
WRMs necessitated the development of a benchtop test setup to allow for systematic,
standardized, and robust testing. Two benchtop test setups were built, the SPS (Appendix A) and the CBTS (Appendix B). The SPS had limitations and was eventually
replaced by the CBTS. Some of the early experiments were done on the SPS.

Due to the way the chest expansion simulator is built, the WRM being tested is stretched
only in the transverse direction as shown in Figure B.2. The WRM experiences a linear
increase in circumference (Equation (4.1)) and cross-sectional area (Equation (4.2)), assuming the WRM remains taut under stretch. Any linear change in circumference (LC )
is due to the increase in length of the two edges (L E2 ) that geometrically connect the
two C-bracket sections (L E3 ). Since the areas (A1 , A3 ) lie within the two C-brackets, the
only change in area occurs in the rectangle (A2 ) in the middle and since the anteroposterior lengths (L E1 ) remain fixed during a transverse stretch, the change in cross-sectional
area (AC ) is proportional to transverse stretch (L T ). The relationship between transverse stretch and circumference and area are given in Equation (4.1) and Equation (4.2),
respectively.

∆LC = 2 ∆L T
Where:
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∆LC - change in circumference
∆L T - change in transverse stretch

∆AC = L E1 ∆L T

(4.2)

Where:

∆LC - cross-sectional area
∆LC - anteroposterior length
∆L T - change in transverse stretch

4.3.2
4.3.2.1

Preliminary breath-hold analysis on EQU
Objective

Prior to obtaining the WWS and the HX systems, the EQU was tested. The objective was
to assess if the EQU is able to measure breath-hold. Additionally, this trial produced
sample data that was used to develop the data processing code to read and analyze the
raw respiratory waveforms.

4.3.2.2

Method

This investigation was conducted using the SPS. The SPS was programmed to move a
distance of 4.33 [mm] at a speed of 12 [mm/s] and hold that position for a period of 2,
5, and 10 [s] before returning to the rest position (0 [mm]).

60

4.3. Aim 1.1 - Hardware
4.3.2.3

Results

It is observed that the EQU responds to the movement of the SPS (Figure 4.1). The nominal rest (baseline) value is approximately 525 [count]. The signal increases as the EQU
is being stretched (inhale) and decreases as the EQU returns to rest position (exhale).

( A ) 2 [s] breath-hold

( B ) 5 [s] breath-hold

( C ) 10 [s] breath-hold

F IGURE 4.1: EQU respiratory signal response [count] during breath-hold
analysis on the SPS
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It is observed that the EQU is unable to maintain a signal once movement ceases (breathhold). The signal decay follows an exponential decay fashion, with a time constant of
approximately 1.1 [s] and 0.8 [s] after inhale and exhale, respectively. The signal decays
to the baseline value (Figures 4.1b and 4.1c).

It is observed that the EQU’s sensor response is sensitive to the speed at which it is
stretched. By defining ∆R I = value at inhale start - value at inhale end, and ∆R E = value
at exhale start - value at exhale end, it can be seen that although the EQU travels the
same distance during inhale and exhale such that ∆R I and ∆R E are expected to be the
same, in reality these values change as a function of stretch speed.

4.3.2.4

Conclusion

The EQU is unable to maintain a signal during breath-hold. Additionally, it appears
that the EQU response is a function of both stretch distance and speed (demonstrated
in Section 4.3.3). This phenomenon is further investigated in Section 4.3.3.

4.3.3
4.3.3.1

Preliminary EQU response vs stretch distance and speed
Objective

The objective of this investigation was to determine the relationship between EQU respiratory signal and: (i) stretch distance, (ii) stretch speed.

4.3.3.2

Method

This investigation was conducted using the SPS. The SPS was programmed to move
a distance of 2.6, 5.2, 7.8, 10.4, 13, 10.4, 7.8, 5.2, and 2.6 [mm] for a total of 9 distinct
respiratory cycles. The specified distances may appear arbitrary but they correspond
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to exact VOL commands starting from VOL=200 to VOL=1000 in increments of 200. At
each move increment, the position is held for 5 [s] before returning to the rest position
(0 [mm]). After 10 [s], the next cycle starts. This whole process was repeated for inhale speeds of 1.28, 1.92, 2.56, 3.2, 3.84, 4.48, 5.12, 5.76, and 6.4 [mm/s] (9 total speeds;
multiply all by 1.9 to get exhale speed; see Appendix A).

4.3.3.3

Results

Figure 4.2 represents a subset of all the results obtained. Figure 4.2a shows the EQU
response as a function of time. Each respiratory cycle is broken up into two half cycles
with a period of breath-hold in the middle. The start, peak, and end of each half cycle
is shown in Figure 4.2a. A total of 18 distinct half cycles can be seen (corresponding to
9 respiratory cycles). The peaks denote the max (or min values [count] in the case of
exhale) inhale values [count]. The peak values should ideally correspond to the stretch
distance. Figure 4.2b shows the relationship between the EQU response and the SPS
stretch distance. There is evident hysteresis between the rising and falling portion of
the move distance profile, with the absolute values of peaks during the fall being lower
than those of the peaks during the rise. This pattern is observed at all speeds tested
(data not shown). Figure 4.2c shows the decay time constants, calculated using nonlinear regression to fit an exponential decay curve to the decay portion of each half
cycle (at the end of an inhale or exhale). The disparity between the time constant after
an inhale and exhale is most likely due to the difference in stretch speed and supports
the observation in Section 4.3.2.
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(A)

(B)

(C)

F IGURE 4.2: (A) Example EQU respiratory signal response [count] with
the baseline shifted to center at 0. The 9 inhalation cycles can be seen
with each respiratory cycle encapsulated in the same manner as that in
Figure 4.1. The programmed stretch distances (from left respiratory cycle
to right) are 2.6, 5.2, 7.8, 10.4, 13, 10.4, 7.8, 5.2, and 2.6 [mm]. The stretch
speed is 6.4 [mm/s] in the inhale direction. (B) Relationship between
EQU response and stretch distance, showing visible hysteresis between
rising and falling. (C) Calculated decay time constant after each inhale
and exhale as a function of stretch distance.

By taking all the peaks from a single trial (i.e. single stretch speed) and plotting against
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SPS stretch distance, the relationship between EQU response and stretch distance can
be obtained (e.g. Figure 4.2b). By repeating this process for every stretch speed, a family plot is obtained (Figure 4.3) that adds the relationship between EQU response and
stretch speed. Figures 4.3a and 4.3b clearly demonstrates that EQU response is a function of both stretch distance and stretch speed.

( A ) inhale

( B ) exhale

F IGURE 4.3: EQU response as a function of stretch distance and speed

4.3.3.4

Conclusion

The EQU response appears to be a function of both stretch distance and speed. This is
problematic because it would be impossible to know the stretch speed at any given time
when the EQU is worn on a person during inhalation behavior monitoring. Without
knowing stretch speed, it would be impossible to correlate the EQU response to a lung
volume measurement since the response is a function of two independent variables
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(stretch distance and speed). Consequently, it would appear that the EQU may not be
suitable for measuring inhalation behavior.

4.3.4

Analysis of WRM response linearity and ability to measure breathhold

4.3.4.1

Objective

In this investigation, the objective was to determine: (i) the WRM response to the CBTS
stretch relationship [count/mm] and (ii) the ability for the WRM to maintain a steady
response signal when stretched and held. By driving the WRM with a square wave
profile with increasing magnitude, both objectives are satisfied at once.

4.3.4.2

Method

The CBTS was programmed (see input profile: Table 4.1) to move 20 [mm], by moving
from the rest position at 80 [mm] to the new position at 60 [mm], at maximum speed
(100%) and held there for 5 [s]. Then the actuator arm returns to the original position at
the same speed and pauses for 10 [s] before starting the next cycle. The move distance
is incremented by 5 [mm] in subsequent cycles until 40 [mm] is reached.
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TABLE 4.1: CBTS input command profile for response linearity and
breath-hold analysis

Inhale

Inhale

Breath-

Exhale

Exhale

Pause

Position [mm]

Speed [%]

Hold [s]

Position [mm]

Speed [%]

[s]

60

100

5

80

100

10

55

100

5

80

100

10

50

100

5

80

100

10

45

100

5

80

100

10

40

100

5

80

100

10

4.3.4.3

Results

By comparing the WRM respiratory signal to the CBTS measured stretch distance, the
response and performance of the WRM can be observed (Figures 4.4a, 4.5a and 4.6a).
Note that these plots correspond to the normalized versions of the WRM and CBTS
waveforms. The waveforms were normalized because the WWS waveforms are of different orders of magnitude across the devices. Additionally, the normalized waveforms
allow for easy comparison across devices. The EQU responded in the same manner as
previously observed. In particular, it is once again observed that the EQU is unable to
measure breath-hold. Its response is also dependent on the direction of movement (positive response while stretched and negative response during contraction). Similar to the
EQU, the WWS also appears to have a signal decay behavior during breath-hold, albeit
at a much slower rate. The HX, on the other hand, was able to maintain the breath-hold
signal with no noticeable decay.

The CBTS-measured stretch command signal was plotted against the WRM waveforms
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(Figures 4.4b, 4.5b and 4.6b). In doing so, the WRM response to the CBTS stretch relationship [count/mm] and consequently the response linearity can be observed. Based
on the scatter of the data, it can be seen that the HX has the highest response linearity
followed by the WWS. The EQU showed no response linearity, as was expected from
previous observations of its response behavior.
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( A ) Normalized EQU response and normalized CBTS measured stretch distance

( B ) Raw EQU signal versus CBTS measured stretch distance with linear least-squares regression fit

F IGURE 4.4: CBTS command and EQU response
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( A ) Normalized WWS response and normalized CBTS measured stretch distance

( B ) Raw WWS signal versus CBTS measured stretch distance with linear least-squares regression fit

F IGURE 4.5: CBTS command and WWS response
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( A ) Normalized HX response and normalized CBTS measured stretch distance

( B ) Raw HX signal versus CBTS measured stretch distance with linear least-squares regression fit

F IGURE 4.6: CBTS command and HX response
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4.3.4.4

Conclusion

This investigation confirmed that the EQU’s response is not linear to stretch length and
that it is unable to maintain a signal during breath-hold. The investigation also showed
that the WWS and HX showed adequate and excellent response linearity, respectively.
Furthermore, both the WWS and HX were able to monitor breath-hold.

4.3.5
4.3.5.1

Analysis of WRM signal repeatability
Objective

The objective of this investigation was to determine the repeatability and stability of
each WRM’s response signal. This is done by repeatedly stretching the WRMs to the
same length five consecutive times and observing the response.

4.3.5.2

Method

The CBTS was programmed (see input profile: Table 4.2) to move 30 [mm], by moving
from the rest position at 80 [mm] to the new position at 50 [mm], at maximum speed
(100%) and held there for 5 [s]. Then the actuator arm returns to the original position at
the same speed and pauses for 10 [s] before repeating the cycle four additional times.
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TABLE 4.2: CBTS input command profile for repeated stretch analysis

Inhale

Inhale

Breath-

Exhale

Exhale

Pause

Position [mm]

Speed [%]

Hold [s]

Position [mm]

Speed [%]

[s]

50

100

5

80

100

10

50

100

5

80

100

10

50

100

5

80

100

10

50

100

5

80

100

10

50

100

5

80

100

10

4.3.5.3

Results

It is observed that the cycle-to-cycle responses were very consistent within all three
WRMs (Figures 4.7a, 4.8a and 4.9a). The reason behind the pattern of scatter in the
EQU signal versus CBTS measure stretch distance plot (Figure 4.7b) is due to the response directionality and signal decay behavior of the EQU. There is some minor cycleto-cycle variability in the HX response (Figure 4.9a) but the overall scatter fits very well
with a linear model (Figure 4.9b), showing a very high response linearity between HX
response and stretch length.
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( A ) Normalized EQU response and normalized CBTS measured stretch distance

( B ) Raw EQU signal versus CBTS measured stretch distance with linear least-squares regression fit

F IGURE 4.7: CBTS command and EQU response
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( A ) Normalized WWS response and normalized CBTS measured stretch distance

( B ) Raw WWS signal versus CBTS measured stretch distance with linear least-squares regression fit

F IGURE 4.8: CBTS command and WWS response
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( A ) Normalized HX response and normalized CBTS measured stretch distance

( B ) Raw HX signal versus CBTS measured stretch distance with linear least-squares regression fit

F IGURE 4.9: CBTS command and HX response
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4.3.5.4

Conclusion

This investigation once again confirms the non-linearity of the EQU signal and its inability to maintain signal during breath-hold. The WWS showed satisfactory response
linearity while the the HX showed remarkable response linearity and repeatability.

4.3.6
4.3.6.1

Analysis of Hexoskin signal decay and baseline transience
Objective

It was observed from previous investigations that the HX raw respiratory signal showed
a decay behavior and a shifting baseline behavior. The signal decay is observed to start
at the time the datalogger is connected to the garment and continues until the signal
reaches steady-state, as shown in Figure 4.10a. At steady-state, the HX respiratory signal also shows a shifting baseline behavior, wherein the signal does not return to its
original baseline value after being stretched, as shown in Figure 4.10b. The combined
effect of the two behaviors are shown in Figure 4.10c. The goal of this investigation is to
determine the nature of both behaviors, including determining a decay time constant if
possible. This information will aid in developing data processing tools to compensate
for these behaviors.
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( A ) HX raw respiratory signal showing initial start time signal decay behavior

( B ) HX raw respiratory signal response to stretch, showing baseline shift behavior

( C ) HX raw respiratory signal showing initial start time signal decay behavior, baseline shift behavior, and
the combined impact on the stretch response

F IGURE 4.10: HX signal decay and baseline transience examples
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4.3.6.2

Method

To investigate and characterize the signal decay behavior, the data module was plugged
in and the HX was left on for a long period (15 [mins]). This duration was chosen
because it was observed that this is approximately the amount of time it takes the signal
to decay to the steady-state value. The decay time constant was calculated by using nonlinear regression to fit the data to the normalized signal decay model (Equation (4.3)),
where y is the normalized response [-], t is the elapsed time since start [s], and τ is the
time constant [s]. To also investigate the baseline shift behavior, the HX was stretched
using the protocol in Section 4.3.4.2 after the initial 15 minutes has passed. A total of 6
repeated trials were conducted.

y = e−t/τ

(4.3)

Where:

y - signal response
e - Euler’s number
t - time
τ - decay time constant

4.3.6.3

Results

An example HX signal response from one of the trials is shown in Figure 4.11. From the
6 repeated trials it was observed that: i) the decay behavior was not consistent across
trials, ii) the decay model does not fit the signal well. The mean time constant was
found to be 79.9 ± 19.0 [s], ranging from 59.3 [s] to 111.4 [s].
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F IGURE 4.11: Exemplar result from the decay constant analysis, showing
both the raw HX respiratory signal and the curve fit of the decay model
Equation (4.3)

Repeated stretching trials showed that the baseline shift behavior was also not consistent between each stretch-contraction cycles and between repeated trials. In effect, the
baseline shift appears to also be arbitrary, much like the decay behavior.

4.3.6.4

Conclusion

Both the signal decay behavior and the baseline shift behavior appear to be arbitrary.
However, these need to be accounted for in order to get better accuracy of the data from
the device. To that end, a baseline compensation algorithm may need to be developed
to remove these transient behaviors from the chest motion waveform.

4.3.7
4.3.7.1

Discussions of the results of the investigations by WRM
Equivital EQ02 (EQU)

Of all the WRMs tested, the EQU exhibited the most unusual response characteristics.
The respiratory signal response of the EQU ranged from 0 to 1023 [counts], indicative
of a 10 bit (210 ) ADC. The nominal reading at rest (unstretched) gravitated around 520
[counts] (baseline). A response with larger magnitude than the baseline is observed
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when the WRM is stretched. However, contrary to expectation, the signal starts to decay (in an exponential fashion) back to baseline once the WRM is held at a stretched
position, regardless of stretch magnitude. It is also observed that when the WRM is
released from the held position back to the initial resting position, the response dips
below the baseline. Once the WRM reaches its rest position, the response signal again
decays back to baseline.

It appears that the respiratory signal of the EQU decays to baseline in the absence of
stimuli (i.e. movement). It is unclear why the EQU is unable to maintain the response
signal during breath-hold. From the characterization investigations it was observed
that the EQU response signal is a function of both stretch length and stretch speed. Considering that the EQU reportedly has strain gauge based stretch sensors, the fact that
it responds to both stretch distance and speed is very uncharacteristic. A strain gauge
should measure stretch distance (strain) independently of the stretch speed (strain rate),
and it should also be able to measure breath-hold (fixed strain). Given that the EQU
does not behave in the expected way, it is possible that the sensor type is different from
what is reported by the vendor (e.g. it could be a strain rate sensor) or it may be due
to some other unknown factor (such as the signal processing in the datalogger). An
inquiry regarding this issue was raised with the vendor, but it went unanswered. This
limitation greatly diminishes the effectiveness of the EQU in measuring lung volume
and breath-hold.

Additionally, although the bundled software allows the user to specify the EQU’s internal clock or have it synchronize with the computer’s clock, the EQU does not seem
to be able to maintain the synchronization. It seems that some arbitrary time offset is
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introduced every time the device is disconnected from the computer.

4.3.7.2

Smartex WWS (WWS)

From the characterization investigations it was observed that the WWS showed adequate results in terms of response linearity, repeatability, and ability to measure breathhold. The WWS showed sufficient linearity and repeatability that would allow it to be
used for calibration and calculating respiratory volume, although there would be some
uncertainty. It is possible that some amount of the variability may be compensated for
during data processing but this was not attempted. Foe example, the WWS’s response
decay during breath-hold is slow enough that it can be compensated for in data processing. Ultimately, WWS is more or less able to maintain signal during breath-hold as
expected, since it utilizes a piezoresistive based sensor.

One of the biggest disadvantages of the WWS is that it always starts in “streaming”
mode, which means that it will attempt to stream data to a Bluetooth-enabled device
without storing data on the data logger. The user must manually press and hold the
button on the SEW (data logging device that connects to the garment) for about 6 seconds before it will switch to writing data to memory. This needs to be done every time
the SEW is connected to the garment, which increases study participant intervention,
may reduce compliance, and ultimately increases the risk of data loss.

4.3.7.3

Hexoskin (HX)

From the characterization investigations it was observed that the HX showed remarkable results in terms of response linearity, repeatability, and ability to measure breathhold. There is an underlying slow decay transient that is introduced at startup which
needs to be accounted for in data processing. This is potentially a minor issue and the
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current version of the data processing toolbox already has logic to compensate for the
transient baseline.

Although the HX is the newest-released WRM amongst those characterized, it has the
least amount of user-controllable features. In particular, there is no way to adjust the
internal clock. The product literature suggests that it synchronizes the time base with
whichever computer it connects to. It is observed, however, there is some arbitrary time
offset between the computer and the HX.

4.3.8

Conclusions

From this collection of investigations, it is apparent that all three WRMs do not function
in the same way. The Equivital EQ02 demonstrated the most unusual and unexpected
behavior and is the least suitable of the three for ambulatory measurement of respiratory parameters in the natural environment. The Smartex WWS and the Hexoskin
both demonstrated good suitability but the Hexoskin stood out as the best because of
its remarkable ability to measure breath-hold, its ability to measure both TC and AB, its
lower cost, and its aesthetics.

4.4

Aim 1.2 - Theory

The current gold-standard theory that relates chest motion to lung volume is the Konno
and Mead [50] model. The details of this model are described in Section 3.2. Given that
the Hexoskin has sensors that measure both TC and AB as required by the model, it
was deemed that no modification to the theoretical model was necessary at this stage.
The remaining work in this dissertation will utilize the following model to perform the
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calibration:
SP = KTC TC + K AB AB

(4.4)

Where:

SP - volume waveform obtained using the primary calibration instrument (i.e. spirometer) in units of [mL]
TC - thoracic motion waveform obtained from the WRM in units of [counts]
AB - abdominal motion waveform obtained from the WRM in units of [counts]
KTC - calibration parameter that converts thoracic motion to volume and has units of
[mL/counts]
K AB - calibration parameter that converts abdominal motion to volume and has units
of [mL/counts]

Once the calibration parameters have been obtained, they can be used to obtain the
volume estimate waveform from the chest motion waveforms obtained at a different
time using the following model:

V̂ = KTC TC + K AB AB

(4.5)

Where:

V̂ - volume estimate waveform in units of [mL]
TC - thoracic motion waveform obtained from the WRM in units of [counts]
AB - abdominal motion waveform obtained from the WRM in units of [counts]
KTC - calibration parameter that converts thoracic motion to volume and has units of
[mL/counts]
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K AB - calibration parameter that converts abdominal motion to volume and has units
of [mL/counts]

The details of the calibration process are described in Chapter 5.
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5 Aim 2: Develop a Method to
Calibrate the Wearable Respiratory
Monitor (WRM) Signals to
Respiratory Volume

5.1

Overview

In Section 3.3, calibration techniques previously reported in the literature have been
discussed. In this chapter, the specific calibration method used in this dissertation is
presented, along with the results of the validation and characterization investigations
performed.
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5.2

Specific Aims

Aim 2 - Develop a Method to Calibrate the Wearable Respiratory Monitor (WRM)
Signals to Respiratory Volume
Aim 2.1 - Calibration: Develop protocol to obtain calibration parameters in a controlled
setting
Aim 2.2 - Validation: Validate the WRM system’s (hardware, calibration, and data processing) ability to accurately measure the desired respiratory topography parameters
Aim 2.3 - Characterization: Fully Characterize WRM for resolution, repeatability, and
reliability

5.3

Aim 2.1 - Calibration

The calibration method presented here expands on some of the techniques presented in
the literature. Unlike previous methods that only focused on some of these factors, in
developing this method the following factors were considered: 1) Breathing maneuver,
2) Instrument, 3) Posture, 4) Parameter calculation, and 5) Parameter consolidation.
The following sections detail each factor and how they relate to the overall calibration
process.

5.3.1

Factor 1 - Breathing maneuver

The calibration breathing maneuver is the breathing exercise performed by the user
during calibration to produce the waveforms used for determining the calibration coefficients. During this breathing exercise, the user wears the WRM while inhaling and
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exhaling exclusively through the calibration instrument. The resultant volume waveform from the calibration instrument is SP and the chest motion waveforms from the
WRM are TC and AB. The calibration breathing maneuver consists of a combination of
“natural” (or “normal”) breaths and deep breaths with prolonged breath-holds.

The specific instructions to the user are described below:

1. Breathe at a “natural” pace and volume for 3 to 4 breaths
2. Take a deep and prolonged inhale (displace more volume than natural breathing)
3. Hold the breath for 2 to 3 seconds
4. Slowly exhale completely
5. Repeat steps 1 to 4 at least once, preferably 2 to 3 times
6. Breathe at a “natural” pace and volume for 3 to 4 breaths

Aside from the breath-hold following a deep inhale, the user is instructed to not take
pauses between breaths. They are, however, allowed to stop the exercise at any point
if they feel uncomfortable. The intent of this particular profile is two-fold. Firstly, the
natural breaths are to emulate ad-lib breathing and the deep breaths are to emulate
puff associated breaths. Secondly, the combination of natural and deep breaths in this
pattern provides a unique pattern that can be observed in the overall waveform, which
helps with segmenting the data and calculating the calibration parameter. Variability
is allowed in terms of the number of breaths in each step of the maneuver and the
repetition in step 5 since participants do not always follow instructions exactly. This
variability has no impact on the calibration process as long as a mix of natural and deep
breaths are present in the waveform.
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5.3.2

Factor 2 - Instrument

5.3.2.1

Investigating different instruments for calibrating the WRM

Three instruments have been identified as potential candidates for use in calibrating the
Hexoskin:

1. SpiroTube: Spirometer with cylindrical mouthpipe and nose-clip (mouth breathing only)
2. wPUM™ monitor with a deactivated and empty JUUL® ecig inserted and noseclip (mouth breathing only)
3. SpiroFacemask: Spirometer with facemask and no nose-clip (nose breathing only)

The calibration instrument is used for measuring the reference volume (SP) for the calibration model. Due to their designs, each instrument forces the user to breathe in
different ways and therefore it is important to pick the instrument that allows the user
to breathe in a way that most reflects the behavior of interest, i.e. ad-lib breathing and
DTL puffing.

In order to perform the calibration, all the air-flow entering and exiting the lungs must
be measured. As such, in both SpiroTube and wPUM™ instruments, the occlusion of
the nose is necessary since only the air-flow going through the mouth is measured. In
the case of the SpiroFacemask, the air-flow going through both the mouth and the nose
are measured.

The SpiroTube (Figure 5.1a) is the default configuration of the Vernier spirometer and
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is the method used for the majority of the testing in this dissertation but it was determined towards the latter portions of the dissertation that perhaps the behavior during
the calibration may not reflect ad-lib breathing. With the SpiroTube, the user is forced
to breathe only through their mouth with their nose occluded. Additionally, with the
mouthpipe, the mouth has to be opened wide to an unnatural degree. This is not how
humans typically breathe ad-lib in the natural environment. Therefore the SpiroFacemask (Figure 5.1c) method was proposed. This instrument employs the Vernier spirometer but with a facemask attachment instead of the mouthpipe. The hope is that with
a facemask, the user would be able to breathe in the way that is closest to how they
breathe ad-lib.

( A ) SpiroTube

( B ) wPUM

( C ) SpiroFacemask

F IGURE 5.1: Images of the three instruments for calibrating the WRM
that were investigated and used as part of this dissertation

With the wPUM™ as the calibration instrument, the user is forced to breathe through
their mouth only but with the addition of back-pressure induced by the empty JUUL®
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ecig. This instrument was investigated in the hopes that it would closest mimic the
behavior of the user puffing the JUUL® ecig.

To investigate the efficacy of using these instruments to calibrate the Hexoskin, a number of repeated calibration trials were conducted with each instrument and the resultant
calibration parameters were compared. Additionally, the mean calibration parameters
obtained from each instrument was applied to an ad-lib data set to compare the impact
of each instrument on the respiratory volume.

5.3.2.2

Research questions

1. What is the impact of the different calibration instruments on the calibration parameters, KTC and K AB ?
2. What is the impact of the mean calibration parameters from each instruments on
respiratory volume from an exemplar ad-lib breathing session?

5.3.2.3

Methods

Calibration data collection
The following steps describe the procedure used to collect one trial of calibration data
needed to derive the calibration parameters for each instrument:

1. Connected the Hexoskin datalogger and the calibration instrument to the computer
2. With the Hexoskin shirt worn, connected the datalogger to the shirt

92

5.3. Aim 2.1 - Calibration
3. Performed a calibration trial using instrument being tested and used the established calibration breathing maneuver (as described in Section 5.3.1) while seated
in a relaxed position
4. Disconnected datalogger and connected to computer to offload data

This procedure was repeated at least five times per instrument (the exact numbers are
presented in the results). The trials were carried out across multiple days. On days
where multiple trials were conducted, the Hexoskin shirt was worn throughout without
being taken off and on between trials.

Ad-lib breathing data collection
The following steps describe the procedure used to collect the ad-lib breathing data:

1. Connected the Hexoskin datalogger to the computer
2. With the Hexoskin shirt worn, connected the datalogger to the shirt
3. Performed ad-lib breathing for several hours, in the home environment without
any constraints on activity
4. Disconnected datalogger and connected to computer to offload data

The ad-lib breathing data was only collected once.

Data analysis
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The calculation of calibration parameters utilized steps 1 to 4 of the algorithms described in Chapter 7. The calculation of respiratory volume utilized step 5 of the algorithm. The mean and 95% confidence intervals were computed for the major outcome measures. One-way ANOVA and pairwise comparison using Tukey’s honestly
significant difference procedure (Tukey’s HSD) are used to compare the calibration parameters and respiratory volumes. All statistical analyses were carried out with the
significance threshold set at α=.05.

Outcome measures

1. KTC and K AB parameters for each trial calibrated using each instrument
2. mean KTC and K AB parameters from each instrument
3. Mean respiratory volume from ad-lib breathing calculated using mean calibration
parameters from each instrument

5.3.2.4

Results and discussions

Data prior to calibration
The following figures show exemplar results from a person performing the calibration
breathing maneuver (Section 5.3.1) using the different calibration instruments. The
top two panels show the raw flow rate waveform in [mL/s] and volume waveform
in [mL] from each of the calibration instruments. The volume is calculated from the
flow rate using trapezoidal integration followed by baseline compensation (described
in Section 7.5). The thorax and abdomen signals are obtained from the Hexoskin and
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are in units of [counts]. These chest motion signals have also undergone baseline compensation.
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F IGURE 5.2: Exemplar waveform result from a person performing the
calibration breathing maneuver through the SpiroTube calibration instrument and the associated uncalibrated Hexoskin chest motion waveforms
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F IGURE 5.3: Exemplar waveform result from a person performing the
calibration breathing maneuver through the wPUM calibration instrument and the associated uncalibrated Hexoskin chest motion waveforms
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F IGURE 5.4: Exemplar waveform result from a person performing
the calibration breathing maneuver through the SpiroFacemask calibration instrument and the associated uncalibrated Hexoskin chest motion
waveforms
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Applying calibration model and obtaining calibration parameters
Figure 5.5 shows exemplar results of the calibration process for each instrument. The
results correspond to the exact waveforms presented in Figures 5.2 to 5.4. The figures
show the calibrated Hexoskin volume in magenta along with the calibration instrument
volume in green. How closely these two lines overlay signifies the accuracy of the calibration. The calculated calibration parameters, KTC and K AB , are presented in each
figure title. The R-squared value (R2 ) corresponds to the coefficient of determination,
or the “goodness of fit”, between the calibrated Hexoskin volume (as the independent
variable) and the calibration instrument volume (as the dependent variable)1 . The R2
provides a means to quantify the accuracy of the calibration, i.e. how well does the Hexoskin volume measurements compare to the reference volume (calibration instrument).
The parameter σ corresponds to the area under the curve calculated using trapezoidal
integration and σerr corresponds to (σCB -σinstrument )/σinstrument . The σ values provides
another means of quantify the accuracy of the calibration; smaller values of σerr correlate to closer alignment between the calibrated Hexoskin volume and the calibration
instrument volume.
1 The

calibrated Hexoskin volume corresponds the right hand side of the equality in Equation (4.4),
whereas the calibration instrument volume corresponds to the left hand side
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( A ) Exemplar SpiroTube and calibrated Hexoskin waveforms

( B ) Exemplar wPUM™ and calibrated Hexoskin waveforms

( C ) Exemplar SpiroFacemask and calibrated Hexoskin waveforms

F IGURE 5.5: Exemplar calibration results using each calibration instrument

100

5.3. Aim 2.1 - Calibration
Impact of calibration instrument on calibration parameters
The calibration results from all trials of each instrument are summarized in Table 5.1.
The table also includes the mean values of every sample in the calibration instrument
volume waveform (SP), thorax motion waveform (TC), abdomen motion waveform
(AB), and calibrated Hexoskin volume waveform (V̂). The calculated calibration parameters (KTC and K AB ) for each trial of each instrument, along with lines that represent
the mean and 95% confidence intervals of the mean, are also plotted in Figure 5.6.

F IGURE 5.6: Calibration parameters obtained from repeated trials using
each calibration instrument with 95% confidence interval of the mean.
The title of each subfigure provides the number of repeated trials, the
mean value of each parameter, and the 95% confidence interval of the
mean in brackets.
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From this data, the following observations are made: 1) There is less variability in KTC
than in K AB as observed by the 95% confidence interval of the mean (±0.15, ±0.5, ±0.17
in KTC , and ±0.58, ±0.84, ±1.07 in K AB for SpiroTube, wPUM™, SpiroFacemask respectively); 2) Mean AB is smaller than mean TC (by roughly a factor of 3) across all
instruments, showing that the overall contribution of the abdomen motion to the overall measured volume is smaller than the contribution of the thorax motion; 3) KTC is
always larger than K AB in all trials across all instruments, with the ratio of mean KTC
to mean K AB being highest for the SpiroTube (11.9), lower for the wPUM™ (8.5), and
lowest for the SpiroFacemask (1.8); 4) The volume inhaled through the wPUM™ is an
order of magnitude smaller than that of the SpiroTube and the SpiroFacemask; 5) The
mean R2 value is much smaller for the wPUM™ (0.47) than for the SprioTube and SpiroFacemask (both around 1.0), indicative of weaker correlation between SP and V̂ in the
wPUM™ calibrations, which is further evidenced by the higher magnitude of σerr and
Mean Error.
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TABLE 5.1: Results and waveform statistics from all calibration trials performed across instruments. The Mean SP, Mean TC, Mean AB, and Mean
V̂ are the mean values of every sample in the calibration instrument volume waveform, thorax motion waveform, abdomen motion waveform,
and calibrated Hexoskin volume waveform, respectively. The Mean ErV̂ − Mean SP
∗ 100
ror is MeanMean
SP
Instrument

Trial #

Mean SP [mL]

Mean TC [count]

Mean AB [count]

KTC

K AB

R2

σerr [%]

Mean V̂ [mL]

Mean Error [%]

SpiroTube
1

756.0

102.8

29.0

6.49

2.18

0.99

-1.1

730.7

-3.4

2

629.9

93.4

28.9

6.88

1.37

0.99

-0.6

682.3

8.3

3

705.6

106.6

30.2

6.78

0.10

1.00

-0.1

725.9

2.9

4

755.7

114.8

36.6

6.57

2.10

1.00

-0.1

831.3

10.0

5

677.5

96.7

41.6

6.33

2.63

0.99

0.5

720.8

6.4

6

771.8

104.2

40.2

7.25

0.55

1.00

-1.1

777.4

0.7

7

763.0

114.8

39.1

7.00

0.93

1.00

-0.7

840.3

10.1

8

754.6

104.5

50.5

7.29

-0.01

1.00

0.8

761.3

0.9

9

837.4

117.4

37.4

6.75

1.20

0.99

-0.8

837.1

0.0

10

780.5

118.3

41.6

7.42

-0.85

1.00

-0.4

842.5

7.9

11

661.8

94.6

30.0

6.95

0.14

1.00

-0.5

661.5

-0.1

12

705.7

102.8

31.2

7.04

-0.65

0.99

0.1

703.7

-0.3

13

648.3

99.3

30.7

6.79

1.51

1.00

-0.3

720.0

11.1

14

774.8

113.7

37.1

7.45

-1.92

0.99

-0.6

776.2

0.2

15

691.8

104.3

34.6

6.84

0.52

1.00

-0.3

731.8

5.8

16

852.4

130.7

36.7

6.74

0.83

1.00

-0.9

912.4

7.0

17

747.5

110.0

29.3

6.69

0.50

0.99

-0.8

751.1

0.5

18

817.0

123.0

32.4

7.00

-0.70

0.99

-0.8

838.6

2.7

Mean

740.6

108.4

35.4

6.90

0.58

1.00

-0.4

769.2

3.9

STD

63.4

10.2

5.8

0.31

1.17

0.00

0.5

67.6

4.4

95% CI

31.6

5.1

2.9

0.15

0.58

0.00

0.3

33.6

2.2

1

62.6

19.8

5.2

3.07

0.30

0.61

1.5

62.4

-0.3

2

65.9

16.5

7.3

3.67

-0.14

0.38

-9.7

59.6

-9.5

3

69.1

16.1

6.6

4.09

0.22

0.62

-4.1

67.3

-2.5

4

55.4

16.6

6.1

3.48

-1.89

0.21

-18.8

46.2

-16.8

5

41.2

10.1

5.0

3.15

1.23

0.52

-8.8

37.9

-8.0

6

34.1

10.9

4.7

2.94

0.22

0.48

-9.5

33.1

-2.9

7

44.5

20.3

6.2

1.96

0.24

0.56

-7.5

41.3

-7.0

8

42.0

11.9

6.8

2.45

2.14

0.55

-5.6

43.8

4.3

9

47.3

13.7

6.6

2.68

0.92

0.29

-13.0

42.7

-9.5

Mean

51.3

15.1

6.1

3.05

0.36

0.47

-8.4

48.3

-5.8

STD

12.4

3.7

0.9

0.65

1.09

0.15

5.7

11.9

6.2

95% CI

9.3

2.8

0.7

0.49

0.84

0.11

4.3

9.0

4.7

1.3

wPUM

SpiroFacemask
1

348.4

55.7

16.1

5.45

3.03

0.98

1.4

352.8

2

438.3

61.5

15.6

5.95

5.14

0.99

1.5

445.8

1.7

3

562.1

85.5

16.3

5.79

4.06

1.00

0.0

561.1

-0.2

4

524.5

90.9

16.7

5.47

1.47

0.99

-0.2

522.1

-0.5

5

593.9

96.9

19.7

5.40

3.18

1.00

0.1

586.1

-1.3

6

540.4

85.6

23.6

5.93

1.22

1.00

-0.8

536.2

-0.8

7

613.3

96.7

17.7

5.41

5.02

1.00

0.0

612.5

-0.1

8

492.4

76.2

20.9

3.34

1.00

-0.1

492.8

0.1

9

626.8

100.2

10319.1

5.55
5.77

2.42

1.00

-0.3

624.6

-0.4

Mean

526.7

83.3

18.4

5.64

3.21

0.99

0.2

526.0

0.0

STD

89.6

15.8

2.6

0.22

1.39

0.01

0.8

86.4

1.0

95% CI

67.6

11.9

2.0

0.17

1.07

0.00

0.6

65.1
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The mean and 95% confidence intervals of the mean from Figure 5.6 are reproduced as
an interval plot (Figure 5.7) to better show the difference in the calibration parameters
across instruments. The result of one-way ANOVA test indicates that the difference
between some of the mean KTC across instruments is statistically significant (P<.001).
Likewise, the result of one-way ANOVA test indicates that the difference between some
of the mean K AB across instruments is statistically significant (P<.001). Further pairwise
comparison of the means, using Tukey’s HSD, indicates that the difference in means of
K AB between the following pairs is significant: SpiroTube and SpiroFacemask (P<.001),
wPUM™ and SpiroFacemask (P<.001), while the difference in means of K AB between
SpiroTube and wPUM™ is not significant (P=.896). Pairwise comparison of the means
of KTC between all pairs indicates that the difference were significant in all pairs (with
P<.001 in all pairs). This implies that breathing through the SpiroTube and the wPUM™
engages the abdomen muscles in a way that is different to when breathing through the
SpiroFacemask, while all three instruments engage the thorax muscles differently. As
such, to answer the first research question, the calibration instrument has an impact on
KTC and potentially an impact on K AB , depending on the instrument used.
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F IGURE 5.7: Mean calibration parameters calculated from repeated trials
using each calibration instrument with 95% confidence interval of the
mean

Impact of calibration parameters obtained from different instruments on ad-lib breathing
The ad-lib breathing data collected contains around 8,800 breaths and spans a duration
of almost 9 hours. The activities performed in this time period include mainly sitting,
some walking, and some talking. Figure 5.8 shows the result of applying the mean calibration parameters from Figure 5.7 on the same set of TC and AB chest motion waveforms to obtain three sets of respiratory volumes (corresponding to respiratory volumes
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calculated using calibration parameters from three instruments). The results of pairwise
comparison of the means indicate that the difference in the mean respiratory volumes
is significant between all three pairs (with P<.001 in all pairs). As such, the answer to
the second research question is that the calibration instrument does have an impact on
the calculated respiratory volumes.

The difference in the means of respiratory volumes between the SpiroTube and the
SpiroFacemask cases, however, are relatively small (52.8 [mL]), whereas the difference
is much larger in the other two pairs: SpiroTube and wPUM™ (293.7 [mL]), and SpiroFacemask and wPUM™ (240.8 [mL]). Additionally, given that the data is of ad-lib
breathing, comprising of mostly low respiratory effort activities (sitting), the mean respiratory volume should be around that of typical tidal volume, which is around 500
[mL] in an adult male [31]. The mean respiratory volumes of the SpiroTube (530 [mL])
and the SpiroFacemask (477 [mL]) cases are both relatively similar to the typical tidal
volume, whereas the mean respiratory volume of the wPUM™ case (236 [mL]) is much
more different. This suggest that the wPUM™ does not appear to be a suitable instrument for calibrating for ad-lib behavior. It may, however, be more suitable for calibrating for DTL PAR measurements (this is explored in Section 6.4.1). On the other hand,
the SpiroTube and SpiroFacemask seem to both be suitable for measuring ad-lib breathing. Given this,the SpiroFacemask is the preferred choice for future calibrations as it
allows the user to breathe in a more natural way during calibration.
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F IGURE 5.8: The interval plot represents respiratory volumes from the
same ad-lib dataset with different calibration parameters from different
calibration instruments applied. The error bars indicate the 95% confidence interval

5.3.2.5

Limitations

Unlike calibrating using the SpiroTube and the SpiroFacemask, the calibrations done using the wPUM™ show a relatively weak correlation between the calibrated Hexoskin
respiratory volume and the wPUM™ volume. This is evidenced by the the mean R2
value of 0.47 across all the wPUM™ trials whereas for the SpiroTube and the SprioFacemask they are both greater than 0.99 (table 5.1). One potential reason for this weak correlation is the low magnitude of thorax (Mean TC = 15.1 [count]) and abdomen (Mean
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AB = 6.1 [count]) motion due to the high flow resistance in the wPUM™. The combined back-pressure of the wPUM™ and the empty JUUL® ecig only allows for shallow
breaths (Mean SP of 51.3 [mL] and mean flow rate of around 50 [mL/s]) to be inhaled
and exhaled through the device. In comparison, the mean flow rates during calibration
using the SpiroTube and SpiroFacemask are around 400 [mL/s] and 900 [mL/s], respectively. The flow rate through the wPUM™ is therefore roughly around 12% and 5% of
the SpiroTube and SpiroFacemask respectively. This lower flow rate while breathing
through the wPUM™ necessarily means smaller chest motions, i.e. lower magnitude of
TC and AB. The lower TC and AB values during wPUM™ calibration creates a two-fold
problem. Firstly, these smaller values of TC and AB seem to be at the lower measurement limit of the Hexoskin’s respiratory sensor; this is evidenced by the difficulty in
identifying the expected features of breathing in the waveform (e.g. rising wave for inhale and falling wave for exhale) and the noisiness of the volume waveform compared
to the other two instruments (see Figure 5.5b compared to Figure 5.5a and Figure 5.5c).
Secondly, the lack of clear features in the chest motion waveform makes it difficult for
the calibration algorithm to align the chest motion waveform with the wPUM™ volume
waveform for calibration. These issues makes it difficult for the algorithm to perform
the calibration and is the reason for the low R2 value. However, considering the similarity between the calibrated lung volume waveform and the wPUM™ volume waveform
in Figure 5.5b, both visually and quantitatively (σerr = 5.6%), it may still be possible to
use the wPUM™ as a calibration instrument. The wPUM™ would be most suitable for
calibrating for DTL PAR cycles, since the typically expected range of volumes during
DTL PAR would be similar to that of calibration since the wPUM™ would force the
user to breath in the same way during calibration.
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5.3.2.6

Conclusions

This investigation showed that the choice of calibration instrument has an impact on the
measured respiratory volumes during ad-lib breathing. The impact appears to be relatively small between SpiroTube and SpiroFacemask calibration instruments and both
yielded volumes that were in the expected range of tidal volume. The wPUM calibration, however, yielded a much lower respiratory volume than expected. This seems to
be due to the lower volumes inhaled and exhaled during calibration with the wPUM,
which would be in the range of DTL PAR (by virtue of calibrating through the wPUM™
is the same as puffing through the wPUM) rather than ad-lib breathing volume (which
is expected to be higher).

These results suggest that a single pair of calibration parameters may not be sufficient
for observing the two key behaviors that are of interest, i.e. tobacco use behavior (PAR)
and ad-lib or non-tobacco use behavior (non-PAR). In particular, during DTL puffing,
the calibration parameters obtained using the wPUM™ monitor as the calibration instrument may be more appropriate than those obtained from the other two instruments
because the calibration conducted using the wPUM™ monitor is more likely to be most
accurate to DTL puffing. For non-PAR, such as ad-lib breaths, the calibration parameters obtained using the facemask as the calibration instrument would be most appropriate. As such, these are the two methods for applying the calibration parameters to the
chest motion waveforms: (1) Apply a single pair of calibration parameters to the whole
waveform or (2) Selectively apply specific parameters (obtained by a different instrument) to specific portions of the waveform that reflect the specific breathing behavior.
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5.3.3

Factor 3 - Posture

5.3.3.1

Investigating the impact of posture on the calibration parameters

Previous research has shown that the posture during calibration has an impact on the
calibration parameters [20], with postures investigated including sitting, standing, and
supine. Ideally, the calibration should be performed in the posture that is closest to the
posture that the user would be in when measurements are made. In this dissertation,
since the target application is measuring behavior of tobacco users, it was determined
that the supine posture was not necessary. Instead, the sitting and standing postures
were expanded to include the dimension of relaxed versus straight (rigid). It is believed
that tobacco users would be generally either be sitting or standing while using their
tobacco product in some posture in the continuum of relaxed to straight. The hope is
that this investigation will shed light on these four discrete postures:

Sitting relaxed The subject is seated in a comfortable position with their feet planted
on the ground. They may slouch in a way that is comfortable to them.
Sitting straight The subject is seated with their back straight, head high, and chest
raised. Their feet are firmly planted on the ground.
Standing relaxed The subject stands without back support, in a natural standing position. They may slouch in a way that is comfortable to them.
Standing straight The subject stands with their heels, back, shoulders, and head leaning against a wall.

5.3.3.2

Research questions

What is the impact of the different calibration postures on the calibration parameters,
KTC and K AB ?
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5.3.3.3

Methods

Data collection
The following steps describe one trial in the data collection process:

1. Connected the Hexoskin datalogger and the spirometer facemask to the computer
2. With the Hexoskin shirt worn, connected the datalogger to the shirt
3. Performed the calibration breathing maneuver (as described in Section 5.3.1) while
in the target posture
4. Performed ad-lib breathing for around 5 minutes while in the target posture
5. Performed the calibration breathing maneuver again while in the target posture
6. Disconnected datalogger and connected it to the computer for data offloading

Each trial consisted of two calibrations (steps 3 and 5). Each trial was conducted three
times per posture, which resulted in a total of six calibrations performed for each posture.

Data analysis
The calculation of calibration parameters utilized steps 1 to 4 of the algorithms described in Chapter 7. The calculation of respiratory volume utilized step 5 of the algorithm. The mean and 95% confidence intervals were computed for the major outcome measures. One-way ANOVA and pairwise comparison using Tukey’s honestly
significant difference procedure (Tukey’s HSD) are used to compare the calibration parameters and respiratory volumes. All statistical analyses were carried out with the
significance threshold set at α=.05.
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5.3.3.4

Results and discussions

The calibration results from all trials of each posture are summarized in Table 5.2. The
table also includes the mean values of every sample in the calibration spirometer facemask volume waveform (SP), thorax motion waveform (TC), abdomen motion waveform (AB), and calibrated Hexoskin volume waveform (V̂).
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TABLE 5.2: Results and waveform statistics from all calibration trials performed across postures. The Mean SP, Mean TC, Mean AB, and Mean V̂
are the mean values of every sample in the spirometer facemask volume
waveform, thorax motion waveform, abdomen motion waveform, and
calibrated Hexoskin volume waveform, respectively. The Mean Error is
Mean V̂ − Mean SP
∗ 100
Mean SP
Posture

Calibration #

Mean SP [mL]

Mean TC [count]

Mean AB [count]

KTC

K AB

R2

σerr [%]

Mean V̂ [mL]

Mean Error [%]

1

366.9

54.6

16.5

4.73

6.05

0.96

-2.5

358.0

-2.4

2

457.2

64.1

12.1

5.44

7.38

0.93

-3.5

437.8

-4.2

3

328.9

39.7

7.5

7.90

-1.68

0.85

-8.2

301.4

-8.4

4

300.7

34.6

8.8

6.68

5.71

0.89

-6.4

281.6

-6.4

5

309.5

41.2

6.8

6.51

4.62

0.92

-3.1

299.6

-3.2

6

368.3

45.9

11.8

6.50

4.88

0.95

-3.2

356.1

-3.3

Mean

355.2

46.7

10.6

6.29

4.49

0.92

-4.5

339.1

-4.6

STD

57.4

10.9

3.6

1.10

3.18

0.04

2.3

57.8

2.3

95% CI

60.2

11.4

3.8

1.15

3.34

0.04

2.4

60.6

2.4

1

310.8

51.9

11.0

4.25

7.60

0.90

-2.5

304.1

-2.1

2

291.0

56.9

11.8

3.25

8.52

0.85

-1.5

285.9

-1.8

3

267.6

44.2

12.3

4.76

4.13

0.85

-2.4

261.2

-2.4

4

320.2

60.2

12.8

3.93

6.07

0.97

-1.3

314.7

-1.7

5

305.5

58.7

14.8

3.74

5.37

0.94

-2.4

298.5

-2.3

6

363.7

71.8

11.4

4.22

4.64

0.97

-2.0

356.3

-2.0

Mean

309.8

57.3

12.4

4.02

6.05

0.91

-2.0

303.4

-2.1

STD

32.1

9.2

1.4

0.51

1.71

0.06

0.5

31.7

0.3

95% CI

33.7

9.6

1.4

0.54

1.80

0.06

0.5

33.3

0.3

1

316.6

46.6

6.0

5.95

6.18

0.95

-0.5

314.5

-0.7

2

347.6

47.6

8.2

6.62

1.37

0.82

-6.5

326.0

-6.2

3

282.5

38.6

7.3

6.39

4.18

0.89

-0.9

277.2

-1.9

4

347.9

51.8

7.8

5.79

3.95

0.91

-3.2

330.6

-5.0

5

303.1

35.0

3.8

8.14

3.43

0.93

-2.0

297.6

-1.8

6

347.1

43.3

4.1

6.73

12.23

0.90

-1.6

341.6

-1.6

Mean

324.1

43.8

6.2

6.60

5.22

0.90

-2.5

314.6

-2.9

STD

27.8

6.2

1.9

0.84

3.76

0.04

2.2

23.7

2.2

95% CI

29.2

6.5

2.0

0.88

3.95

0.05

2.3

24.8

2.3

1

385.6

96.4

19.6

3.60

1.58

0.97

-2.0

378.1

-1.9

2

348.9

82.1

22.8

4.02

0.79

0.98

-0.3

348.3

-0.2

3

314.8

63.8

20.7

3.76

3.64

0.97

-0.1

315.1

0.1

4

450.8

83.7

22.0

4.29

4.15

0.98

-0.7

450.1

-0.2

5

352.8

64.8

22.3

4.23

3.65

0.97

-0.9

355.4

0.7

6

360.7

72.0

24.3

3.13

5.35

0.96

-0.5

355.4

-1.4

Mean

368.9

77.1

21.9

3.84

3.19

0.97

-0.8

367.1

-0.5

STD

46.1

12.6

1.6

0.44

1.69

0.01

0.7

45.5

1.0

95% CI

48.4

13.3

1.7

0.46

1.78

0.01

0.7

47.7

1.1

Sitting Relaxed

Sitting Straight

Standing Relaxed

Standing Straight
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The calculated calibration parameters (KTC and K AB ) for each trial of each posture, along
with lines that represent the mean and 95% confidence intervals of the mean, are also
plotted in Figure 5.9.

F IGURE 5.9: Calibration parameters obtained from repeated trials using
each calibration posture with 95% confidence interval of the mean

The mean and 95% confidence intervals of the mean from Figure 5.9 are reproduced as
an interval plot (Figure 5.10) to better show the difference in the calibration parameters
across instruments.
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F IGURE 5.10: Mean calibration parameters calculated from repeated trials using each calibration posture with 95% confidence interval of the
mean

The results of the Tukey’s HSD analysis on the pairwise difference between the means
of KTC and K AB across postures are summarized in Table 5.3.
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TABLE 5.3: The results of the Tukey’s HSD analysis, showing the statistical significance of the difference of the means between each pair of
postures for both calibration parameters
Parameter

Posture A

Posture B

Lower 95% CI

Difference

Upper 95% CI

P-value

Conclusion

KTC
Sitting Relaxed

Sitting Straight

1.03

2.27

3.51

P <.001

Significantly different

Sitting Relaxed

Standing Relaxed

-1.55

-0.31

0.93

P=.895

Not significantly different
Significantly different

Sitting Relaxed

Standing Straight

1.21

2.45

3.69

P <.001

Sitting Straight

Standing Relaxed

-3.82

-2.58

-1.34

P <.001

Significantly different

Sitting Straight

Standing Straight

-1.05

0.19

1.43

P=.974

Not significantly different

Standing Relaxed

Standing Straight

1.52

2.77

4.01

P <.001

Significantly different

Sitting Relaxed

Sitting Straight

-5.99

-1.56

2.87

P=.758

Not significantly different

Sitting Relaxed

Standing Relaxed

-5.16

-0.73

3.70

P=.966

Not significantly different

Sitting Relaxed

Standing Straight

-3.13

1.30

5.73

P=.842

Not significantly different

Sitting Straight

Standing Relaxed

-3.60

0.83

5.26

P=.951

Not significantly different

Sitting Straight

Standing Straight

-1.57

2.86

7.29

P=.298

Not significantly different

Standing Relaxed

Standing Straight

-2.40

2.03

6.46

P=.583

Not significantly different

K AB

From these results, the following observations can be made: 1) The KTC parameters
are higher in the relaxed postures (6.29 and 6.60) than in the straight postures (4.02 and
3.84); 2) There is more variability across trials in the relaxed postures than in the straight
postures, as seen in the 95% confidence interval of the mean as shown in the title of Figure 5.9; 3) There is no significant difference in the mean KTC parameters between sitting
and standing relaxed and between sitting and standing straight (Table 5.3). In other
words, there appears to be no significant difference in KTC between sitting and standing while either relaxed of straight; 4) There is larger variability in the K AB parameters
as compared to the KTC parameters across repeated trials within a posture, as evidenced
by the larger 95% confidence interval of the mean K AB than that of KTC (Figure 5.9); 5)
There is no statistically significant difference between the mean K AB across postures
(with all P>0.05 as seen in Table 5.3). As such, in regards to the research question, it
appears that posture has some impact on KTC but little to no impact on K AB .
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5.3.3.5

Conclusions

Given that the variability in the KTC parameter between postures appear to be a function of relaxed versus straight and not sitting versus standing, the sitting posture is
the preferred posture. The reason for this is because the seated posture would be the
most convenient when considering participant acceptability. In terms of sitting relaxed
versus sitting straight, the relaxed posture would be the easiest for the participant to
adopt and would be most natural. Based on the four calibration postures tested, the
sitting relaxed posture is considered the most suitable for participants to conduct the
calibration.

5.3.4

Factor 4 - Parameter calculation

Two methods have been developed to calculate KTC and K AB from a single set of SP,
TC, and AB waveforms. The first method is using linear regression to fit the calibration model. The second method is testing a range of KTC and K AB that minimizes the
mean error of the SP waveform and the V̂ waveform. The details of these two methods
have been published in Jayasekera, Hensel, and Robinson [42] and are also described in
Section 7.6.

5.3.5

Factor 5 - Parameter consolidation (for N > 1 calibrations)

At least one calibration trial must be performed in order to obtain KTC and K AB necessary for calibrating the chest motion waveform. Typically in the observational studies
conducted by RTL, more than one calibration is performed. This is done to allow for
at least one back-up calibration in the case of data loss or poor data quality and also to
provide a measure of repeatability of calibration. However, only a single pair of calibration parameters can be applied at a time to convert both chest motion waveforms
to a respiratory volume waveform. Two methods of obtaining a single pair of KTC and
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K AB from N > 1 calibrations have been explored. The first is to pick a single pair of KTC
and K AB from the repeated calibrations. The second method is to find the centroid of
KTC and the centroid of K AB and use those. The details of these two methods have been
published in Jayasekera, Hensel, and Robinson [42].

5.4

Aim 2.2 - Validation

5.4.1

Investigating the validity of the Hexoskin in measuring ad-lib breathing in a controlled setting

An investigation was conducted with the objectives of determine the accuracy and validity of using the Hexoskin to measure respiratory parameters of ad-lib breathing in
a controlled setting. To this end, the spirometer with facemask (Section 5.3.2.1) was
used as the primary instrument for comparing the volume measured by the Hexoskin
against.

5.4.2

Research question

How well do the volume measurements made by the Hexoskin compare to those of the
spirometer with facemask during ad-lib breathing?

5.4.3

Methods

5.4.3.1

Data collection

The following steps describe the procedure used to collect one trial of data needed for
this investigation:

1. Connected the Hexoskin datalogger and the spirometer with facemask attachment to the computer
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2. With the Hexoskin shirt worn, connected the datalogger to the shirt
3. Wore the spirometer facemask and started data collection
4. Breathed normally while wearing the facemask for around 5 minutes while in the
seated and relaxed posture
5. Disconnected datalogger and connected it to the computer for data offloading

A total of three repeated trials were carried out on the same day, with the Hexoskin
shirt worn throughout without being taken on and off between trials.

5.4.3.2

Data analysis

The centroid calibration parameters (Figure 5.7) obtained from the SpiroFacemask case
in Section 5.3.2.1 were used to calibrate the Hexoskin and obtain the volume waveform.
The respiratory topography was calculated from the Hexoskin volume waveform and
the spirometer volume waveform using the method described in Section 7.7. The inhalation volumes from the Hexoskin were compared to the inhalation volumes from
the spirometer.

5.4.3.3

Outcome measures

a. Inhalation volume of respiratory cycle from Hexoskin
b. Inhalation volume of respiratory cycle from spirometer with facemask
c. Difference between mean of (a) and mean of (b)

5.4.4

Results and discussions

The results of the three repeated trials are shown as a box plot and histogram plot in
Figure 5.11a and Figure 5.11b, respectively. Both the data from the SpiroFacemask and
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the Hexoskin are shown side-by-side. In each trial, around 100 breaths were measured.
The majority of breaths have an inhalation volume of around 600 [mL] which is slightly
higher than the expected tidal breathing volume of 500 [mL] [31].
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( A ) Box plot of inhalation volumes

( B ) Distribution of inhalation volumes

F IGURE 5.11: Inhalation volume comparison between Hexoskin and
spirometer with facemask from three repeated trials of 5-minute ad-lib
breathing in a controlled setting
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The difference between the mean inhale volumes between the SpiroFacemask and the
Hexoskin are shown in Figure 5.12. It can be seen that the distribution of inhalation
volumes is similar between the spirometer with SpiroFacemask and the Hexoskin. Although the results of the t-test suggest that the difference in the means are significant in
Trial 1 and Trial 3 (see title of Figure 5.11a), it can be seen that the magnitude difference
in the mean volumes are relatively minor compared to the mean volume (Figure 5.12).
The mean of the difference in the mean inhalation volume between the spirometer and
the Hexoskin across all three trials is around 27 [mL]. Considering that the mean inhalation volume measured during the 5 minute period is around 600 [mL], the error
between the spirometer and Hexoskin is approximately 27/600 ∗ 100 = 4.5%. Additionally, the value of 27 [mL] is well within the uncertainty of the spirometer (Appendix E).
In regards to the research question, it is reasonable to conclude that the Hexoskin is
sufficiently accurate for measuring respiratory topography of ad-lib breathing.
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F IGURE 5.12: Difference between mean inhalation volume from spirometer with facemask and mean inhalation volume from the Hexoskin across
three repeated trials

5.4.5

Limitations and future work

In this investigation, the breathing exercise was conducted in a controlled setting, with
little to no movement and while seated, which does not reproduce the range of motions, activities, and breathing patterns that might be conducted by a participant in the
natural environment. It can be seen that the majority of breaths were around a similar
volume (spanning from 400 to 800 [mL]). In the future, a larger range of volumes should
be tested to determine how accurate the Hexoskin is at other volumes in the range of
possible volume measurements. This can be done by either forcibly breathing at different volumes or performing different activities, for example running on a treadmill
at different speed settings and exertion levels. Due to the limited range of the current

123

Chapter 5. Aim 2: Develop a Method to Calibrate the Wearable Respiratory Monitor
(WRM) Signals to Respiratory Volume
spirometer, it would be difficult to perform these activities in the natural environment
but in the future a wireless spirometer may be used for this purpose.

This investigation was conducted on a single person. The validity of the Hexoskin
would be improved if this investigation was repeated on more people, especially people
of different breathing styles (belly versus chest breathing), body builds, gender, etc.

Due to a limitation in the extrema finder algorithm (Section 7.4), the total number of
breaths measured in the spirometer volume waveform during the 5-minute session
may not necessarily match the number of breaths measured in the Hexoskin volume
waveform. The implication of this is that a breath-by-breath comparison between the
spirometer and Hexoskin cannot be performed. Once improvements have been made to
the algorithm, this type of assessment may be possible. A breath-by-breath comparison
of volume would improve the confidence in the validity of the Hexoskin.

5.4.6

Conclusions

Based on three repeated trials of ad-lib breathing in a controlled setting conducted on
a single subject, it appears that the Hexoskin is sufficiently accurate for measuring respiratory topography. This performance is deemed satisfactory for the objective of this
dissertation.
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5.5

Aim 2.3 - Characterization

5.5.1

Repeatability and Reliability

There are two ways to assess the repeatability of the Hexoskin for making volume measurements. First is to measure repeated breaths of the same volume and observe the
variability in the measured volume. This is impractical because it is difficult for a person to repeatedly breathe at the same volume. The second approach is to assess the
repeatability of the calibration parameters. This is an indirect method of assessing the
repeatability of the volume measurements but because the calibration parameters are
used to convert the chest motion waveforms to respiratory volume, the repeatability
of these parameters correlate to the repeatability of the volume measurements. This is
done by performing repeated calibrations on the same person and assessing the variability in the parameters. If in doing repeated calibrations it is observed that the calibration parameters are consistent then it can be said that the Hexoskin is able to make
repeatable volume measurements.

5.5.1.1

Investigating the longitudinal repeatability of the Hexoskin calibration and
the sensitivity of respiratory topography to variability in calibration parameters

One important characteristic of any measurement instrument is its repeatability. Without repeatability, it would not be possible to trust the measurements made by the instrument. This is an important factor in the development of the method of using the
Hexoskin to measure ambulatory respiratory volume. Given that the Hexoskin was
not designed for this specific use-case, it is necessary to assess how well it can perform this task. From the results of the signal linearity analysis of the embedded sensors
conducted on the benchtop (Section 4.3.1), it is demonstrated that the sensor has a 1to-1 response to chest motion which makes calibration possible. The next step then is
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to assess the repeatability of the calibration. Ideally, the repeatability of the Hexoskin
to measure specific volumes would be assessed, but unfortunately, since the Hexoskin
must be worn by a human and the volume generated via breathing, it is impossible to
reproduce repeated consistent volumes using a human. Presently there is no benchtop
system built to emulate a person breathing while wearing the Hexoskin so the next best
thing is to assess repeated calibrations for consistency in calibration parameters. This
is an indirect way of assessing the repeatability of the Hexoskin to measure volume because the calibration parameters impact the calculation of the volume waveform. The
impact of the calibration parameters on the subsequent volume calculations is also investigated here in the form of a sensitivity analysis.

The following is an investigation that looked at all the calibrations conducted by the
author over the years of working on the dissertation. All the calibrations were typically
performed under the same conditions, using the same calibration instrument (spirometer with cylindrical mouthpiece and nose-clip), Hexoskin shirt and datalogger, relaxed
sitting posture2 , and the same calibration breathing maneuver.

5.5.1.2

Research questions

1. Do the repeated calibrations conducted on a single person yield consistent calibration parameters?
2. What is the impact of the variability in calibration parameters on respiratory volume measurements?
2 The

exact posture that was used during each calibration was not captured but the natural calibration
posture adopted by the author tended to be that of a relaxed sitting posture and therefore it is assumed
that a similar posture was used in all the calibrations. Nevertheless, since the posture was not controlled,
it may be one of the sources of variability in the calibration parameters
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5.5.1.3

Method

Calibration parameters from all the calibrations conducted on the author over the course
of 3 years were gathered. These calibrations were all done using the spirometer with
the cylindrical mouthpiece and nose-clip (Section 5.3.2.1). The calibration breathing maneuver as described in Section 5.3.1 was used in all these trials. To assess the sensitivity
of respiration volume to calibration parameters, a test data set was collected wherein
the author wore the Hexoskin ad-lib for approximately 8 hours. The ad-lib data was
collected in the natural environment and the majority of the breaths were tidal breaths.
The activities performed during this duration were all light in terms of respiratory effort, and included mainly sitting, some walking, and some talking. The calibration
parameters from the previous step were applied to this ad-lib breathing data. The resultant respiratory topographies calculated from each calibration set were compared.

5.5.1.4

Results and discussions

The KTC , K AB , and R2 values for each calibration gathered are shown as a scatter plot
in Figure 5.13. From this it can be seen that there is larger variability in K AB than in
KTC . This is evidenced by the larger standard deviation in K AB (±2.3, which is 86%
of the mean) compared to that of KTC (±0.98, which is 16% of the mean). This larger
variability in K AB than in KTC is consistent with the other calibrations presented thus
far. Curiously, the R2 values are all consistently very close to 1. This suggests that each
calibration shows a very high self-validity — that the calibrated Hexoskin respiratory
waveform closely matches the spirometer volume waveform. In regards to the first
research question, the repeated calibrations conducted on a single person across a long
time span do show significant variability in both KTC and K AB .
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F IGURE 5.13: Calibration parameters from all calibrations (N=66) performed by the author in this dissertation. The dashed lines in the top
two subfigures correspond to the mean and the dotted lines correspond
to the 95|5 confidence interval. The mean, standard deviation (STD),
95% confidence interval of the mean, and the minimum and maximum
values for each calibration parameter are also presented the title of each
subfigure. The R2 value is the coefficient of determination from the calibration regression model fit

The results of the respiratory topography calculation using calibration parameters from
the ones gathered are shown in Figure 5.14.
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F IGURE 5.14: Scatter of mean respiratory volumes from the same 8-hour
ad-lib dataset but with different calibration parameters applied. The error bars correspond to the 95% confidence interval of the mean

Visually, there appears to be large variability in the mean volumes. However, the standard deviation of 56 [mL] is around ±11% of the grand mean volume of 497.9 [mL]. An
error of ±11% may be acceptable, considering that these calibrations were conducted
across a large time span. Additionally, the value of the standard deviation is close to the
accuracy of the spirometer, which is around 60 [mL] (Appendix E). It is possible that a
large portion of the variability is due to the accuracy of the spirometer. With these in
mind, in regards to the second research question, the impact of the variability in the
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calibration parameters on respiratory volume measurements is within the acceptable
limits for the purpose of this dissertation.

5.5.1.5

Limitations and future work

All these calibrations were conducted across a large time span without intentionally
trying to control the behavior to be exact and consistent. This investigation is closer
to the worst-case scenario in terms of assessing repeatability. The only things that are
consistent across all the trials are the subject, the Hexoskin shirt, and the calibration
instrument. The calibration maneuvers were more or less similar across trials but these
were never precise to begin with (see notes in Section 5.3.1). Additionally, some variability may have been introduced by the posture adopted in each trial and the changing
physiology of the subject over the course of time. It was not noted what exact posture
was adopted in each trial but it was definitely seated and somewhere between relaxed
and straight-backed3 . Finally, not the same datalogger would have been used in all
the trials. The signal conditioning in each unique serial number datalogger may not
be exact (i.e. there might be variability in the signal linearity curve across dataloggers).
Given all this, these trials were still conducted in a relatively controlled manner by a
subject that is well-versed in the usage of the Hexoskin. Repeating this investigation
on a naive user may provide some new insights. Additionally, it would be ideal if the
repeatability of measuring specific volumes was directly assessed, such as inhaling and
exhaling into a bag with fixed volume or developing a machine with artificial lungs and
a torso that can emulate a person breathing in a consistent manner.
3 It

is observed that posture has an impact on the calibration parameters (Section 5.3.3.1)
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5.5.1.6

Conclusions

The Hexoskin demonstrates a repeatability of calibration with a variability of around

±11% of the mean inhale volume when all the calibrations conducted by a single person over the course of 3 years are considered. This sufficiently demonstrates a level of
repeatability of the Hexoskin for use in measuring respiratory volumes.

5.5.2

Resolution

The theoretical resolution of the Hexoskin for making volume measurements can be
determined from the calibration parameters. Considering the resolution of the chest
motion signal is 1 [count], the resolution of the volume measurement is calculated by
substituting TC and AB in the volume estimate equation by 1: V̂ = KTC (1) + K AB (1).
The result is that the theoretical resolution is the sum of the calibration parameters.
From the data presented in the repeatability investigation (Section 5.5.1.1), the mean
KTC is 6.0 and the mean K AB is 2.7, therefore the average theoretical resolution of the
volume measurement is 8.7 [mL]. This also constitutes the minimum measurable volume. The maximum possible volume measurement has not been determined since that
limit has yet to be reached during testing. In practice, the actual resolution would be
influenced by the accuracy of the calibration instrument used for performing the calibration as well. An error propagation analysis would need to be done to assess the
range of realistic resolution but at minimum, the resolution of the Hexoskin could not
be smaller than the accuracy of the calibration instrument.

5.5.3

Limitations

The characterization investigations were all performed on a human subject. In terms
of controlling breathing behavior, humans exhibit poor ability to repeat breaths of a
specific volume or to accurately repeat breathing maneuvers such as the one used for
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the calibration. This is potentially a major source of the variability in the results. Ideally,
characterizations of a measurement instrument should be conducted in a controlled
manner to eliminate external sources of variability and allow for true assessment of
repeatability. In Section 4.3, a machine (CBTS) was developed to assess repeatability of
the chest motion signal of the Hexoskin, but it is only able to test one of the chest motion
signals at a time. Additionally, the CBTS is not able to simulate air flow and therefore
cannot be used to simulate calibrations. In the future, it may be possible to develop a
machine that mimics a human torso, with artificial lungs that can simulate breathing.
This machine would be more suitable for characterizing WRMs.
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6 Aim 3: Develop a Method to
Time-synchronize the Respiratory
Topography to Simultaneously
Measured Puff Topography

6.1

Overview

One of the primary objectives of this dissertation is to develop a method for simultaneous monitoring of both puffing and respiratory behavior of tobacco usage in the natural
environment. In previous chapters, the development of the method for measuring respiratory behavior has been discussed. In this chapter, the method of measuring puffing
parameters using a topography monitor is introduced. By combining the topography
monitor and the wearable respiratory monitor (WRM) measurement modalities, both
puffing and respiratory behavior can be measured simultaneously.
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Thus far, no research has been found in the literature that has paired a puffing topography device with a respiratory monitor for measuring tobacco use behavior. The
methods developed in this dissertation will create new opportunities for researchers by
providing a new data collection avenue to support investigations that were previously
limited by the current data collection methodology. By measuring both puffing and
respiratory behaviors simultaneously, their relationship can be assessed, and also allow for observing puffing and inhalation patterns such as “mouth-to-lung” (MTL) and
“direct-to-lung” (DTL).

For the specific application intended in this dissertation, respiratory behavior is considered to be comprised of two distinct behaviors: Puff Associated Respiration (PAR)
and non Puff Associated Respiration (non-PAR). PAR is the respiration cycle in which
the tobacco emissions from the tobacco product is inhaled and exhaled. Therefore, for
any given puff, there is necessarily at least one associated PAR. In the case of MTL, the
PAR would be the respiratory cycle that follows the puff. In the case of DTL, the PAR
would be the same breath as the puff. All the other respiratory cycles that are not PAR
are considered non-PAR. As such the sum of PAR and non-PAR cycles should equate to
the sum of all respiratory cycles measured.

6.2

Specific Aims

Aim 3 - Develop a Method to Time-synchronize the Respiratory Topography to Simultaneously Measured Puff Topography
Aim 3.1 - Time Synchronization: Develop a process to synchronize the data obtained
from the WRM and the wPUM™ to obtain a common time base for comparison
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Aim 3.2 - Validation: Validate the combined system’s (wPUM™, WRM, calibration,
data processing) ability to accurately measure the desired puffing and respiratory
parameters as well as the parameters developed in Aim 2.1
Aim 3.3 - Characterization: Fully characterize the combined system for resolution, repeatability, and reliability

6.3

Aim 3.1 – Time synchronization between devices

In attempting to measure simultaneous puffing and respiratory behavior using the
wPUM™ monitor and the Hexoskin datalogger, it was observed that there exists a time
discrepancy between the time series as measured from each instrument in the form of
an offset in units of time (e.g. seconds). This offset is due to the time discrepancy between when the Real Time Clock (RTC) of each instrument was set1 . Ideally, the RTC of
each instrument would be set at the same time and thus both instruments would begin
counting time at the exact same moment and therefore there would be no time offset
between the two time sources. This, however, is not possible because the Hexoskin is a
black box and there is no way for the user to control when the RTC gets set. The wPUM™
RTC can be set by the operator using a PC software to a sub-second accuracy. From investigation, it is believed that the Hexoskin RTC gets set automatically whenever the
datalogger is connected to a PC running the Hexoskin software. Since there is no way
for the operator to control when the time is set, the offset between the Hexoskin and the
wPUM™ changes every time the datalogger is connected to the PC. This necessitates
that the offset be determined every time the wPUM™ and the Hexoskin are to be used.

In addition to the offset between the two time series, there exists another phenomenon
1 “Set”

here refers to fixing the time of the RTC to match a reference time, i.e. computer time
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that adds to the time discrepancy between the two instruments: The RTC does not count
time perfectly and would either count a unit of time (e.g. second) faster or slower than
reality. The source of this imperfection may be attributed to the inherent inaccuracy
of the RTC’s time keeping element (e.g. crystal oscillator) which may additionally be
influenced by power fluctuations (from the battery depleting), or the ambient temperature (which may attenuate the oscillating frequency of the crystal). This error between
“real” (i.e. universal time as specified by an atomic clock such as NIST-F2) and “apparent” time as measured by the Hexoskin or the wPUM RTCs accumulates over time.
The accuracy specification of an RTC is typically expressed as Parts Per Million (PPM),
which is the number of microseconds off from reality every second. An RTC with an accuracy of 40 PPM would result in the apparent time being off by 40/1e6 ∗ 86400 = 3.456
seconds every day from the time the RTC was set. This inaccuracy in RTC can manifest
in two directions, i.e. the apparent time can be X seconds faster or slower than real time.
For simplicity, this phenomenon will be referred to as the clock drift. This drift is an
inherent characteristic of the RTC whereas the offset is arbitrary. As such, it should be
possible to predetermine the drift characteristic of the RTC for each of the instruments.
The assumption here is that the other potential sources of error (such as temperature
effects on the crystal oscillator) are not significant and that the drift is linear.

It should be noted that the drift and offset phenomenon is not unique to the wPUM™
monitor and the Hexoskin datalogger but is an inherent problem when attempting to
compare time series from any two RTCs. In some applications, this discrepancy is not
significant and can be ignored. This is not the case for this application. To determine
PAR necessarily requires knowing when a respiration happens relative to a puff. One
of the key differences between DTL and MTL is when the respiration happens relative
to the puff. In the ideal case, with DTL the inhale would start at the same time as the
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puff start, whereas with MTL the inhale would start after the puff ends. So in order
to distinguish between the two, the discrepancy between the two time sources must
not be greater than the puff length. Picking 10% as the upper limit of the discrepancy
and given that a typical puff is around 2 seconds, the maximum allowable discrepancy
between the time base of the wPUM™ and the Hexoskin is 0.2 seconds.

The objective now is to determine a time correction method to synchronize the time series from one instrument to another. The time correction equation would be of the form
Tprimary = ωTsecondary + τ. Where ω is the parameter that corrects for the relative linear drift between the secondary and primary time sources and τ is the offset. Once ω
and τ have been determined, the time series data from the secondary instrument can
be corrected to have the same time source as the primary instrument. In this dissertation, the wPUM™ monitor is considered the primary time source and the Hexoskin is
considered the secondary time source.

To determine the time correction parameters, a common time reference event between
the two instruments must first be established. This is done by exciting both instruments at once, e.g. by puffing through the wPUM™ monitor directly into the lungs
while wearing the Hexoskin shirt. In this way, the puff volume time series from the
wPUM™ monitor should show a similar profile to the respiratory volume time series
from the Hexoskin but with a time offset. By performing a series of DTL puffs in this
way over the course of a minute, the offset can be determined. This puffing-inhalation
breathing maneuver through the two instruments to obtain the common time reference
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will be referred to as the time synchronization maneuver (TimeSync). This time duration, however, is not enough for the clock drift to manifest in a measurable way2 and as
such another time synchronization maneuver must be performed a significant amount
of time later (e.g. after one day), which would allow the drift to accumulate to a large
enough value that would make it easily detectable by the algorithm.

Once two or more TimeSync maneuvers have been performed, an algorithm can be used
to identify the time correction parameters ω and τ and apply them to the time base of
the secondary instrument to correct it to the primary time base. The following sections
describe the investigations conducted to test the time synchronization theory described
here.

The specific instructions to the user are described below:

1. Breath at a “natural” pace and volume for 3-4 breaths
2. Take a deep and prolonged inhale (displace more volume than natural breathing)
3. Hold the breath for a few seconds
4. Slowly exhale completely
5. Repeat steps 1 to 4
6. Breath at a “natural” pace and volume for 3-4 breaths
2 Given an RTC with PPM accuracy of 40, the apparent time error after a minute (the typical duration
of the time synchronization breathing maneuver) is only 0.0024 [s]. This is smaller than even the sampling
period of the Hexoskin which is 0.0078125 [s]
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6.3.1

Investigating the characteristics of wPUM monitor RTC and Hexoskin
datalogger RTC

All chip-embedded Real Time Clocks (RTC) exhibit some level of inaccuracy wherein
the clock either counts time faster or slower than a reference clock. For example, the
RTC may report that 1 second has passed when in reality only 0.98 seconds has passed
(as determined by the reference clock). When this behavior happens every second, the
error accumulates and is referred to here as clock drift. Clock drift is linear and its numerical value is represented by the parameter ω (see Section 6.3). Once determined, ω
can be used to “correct” the time base of one device’s RTC to that of a reference device’s
RTC in a process called time synchronization. Both the wPUM™ and the Hexoskin
have RTC chips on-board and the value of ω is unique to the RTC of each device and
therefore must be determined for every device used. The ω value can be determined
on the benchtop using instruments that can excite the wPUM™ and the Hexoskin. The
objective of this investigation is to obtain ω of the wPUM™ monitors and the Hexoskin
monitors. The initial offset between the RTC and the reference clock, represented by
parameter τ, will also also be determined.

6.3.1.1

Research question

What is the ω parameter (relative to reference clock) of each wPUM monitor and each
Hexoskin datalogger?

6.3.1.2

Method

The CBTS (Appendix B) was used to stretch and contract the Hexoskin shirt every 20
minutes for at least 8 hours. These stretches and contractions form “puffs” that are the
common events used for the time correction algorithm. Similarly, for the wPUM™, the
PES is used to puff the wPUM at fixed intervals for at least 8 hours. For each device, at
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least three repeated trials are run. In the case of the wPUM™, the clock on the computer
controlling PES is considered the reference clock. Likewise in the case of the Hexoskin,
the clock on the computer controlling the CBTS is considered the reference clock. Once
the time series data have been obtained, the parameters ω and τ are determined using
the modified cross-correlation algorithm (see Section 7.8 for algorithm details) to fit the
following model Equation (6.1) for the CBTS and HX data time series:

TCBTS = ωTHX + τ

(6.1)

Where:

TCBTS - timestamps of CBTS time series
THX - timestamps of HX time series
ω - clock drift parameter [s/s]
τ - clock offset parameter [s]

Likewise, Equation (6.2) is used for the PES and wPUM time series:

TPES = ωTwPU M + τ

Where:

TPES - timestamps of PES time series
TwPU M - timestamps of wPUM time series
ω - clock drift parameter [s/s]
τ - clock offset parameter [s]
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Equation (6.3) describes how the parts-per-million (PPM) accuracy of each RTC is calculated:
PPM = |(1 − ω ) ∗ 106 |

(6.3)

Where:

PPM - accuracy of the RTC is parts-per-million
ω - clock drift parameter [s/s]

6.3.1.3

Results and discussions

In some of the early trials, an unexpected behavior was observed wherein there was a
discontinuity in the start time difference (shown in Figure 6.1b). The expected behavior
is of a consistently increasing or decreasing slope like that shown in Figure 6.1a. After
some investigating it was identified that the source of the discontinuity is in the Windows time system. On a typical Windows operating system connected to the internet,
the system periodically synchronizes the system clock with the standard internet clock.
When this happens, the system clock essentially lurches forward or backward in time.
This results in the discontinuity as shown in the figure. This, however, is only an offset
change since the underlying RTC characteristic is still the same and the clock drift is
still present as evidenced by the fact that the slope prior to the discontinuity is the same
as the slope post-discontinuity. After this was determined to be the cause of the issue,
the automatic time synchronization process on Windows was disabled. The remaining
trials no longer had this issue. The trials where this occurred were excluded from the
rest of the analysis.
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( A ) Expected behavior

( B ) Unexpected behavior

F IGURE 6.1: Each scatter point is the time difference obtained by subtracting the start time of the puff according to the CBTS by the start time
of the puff according to the Hexoskin. The increasing trend illustrates the
growing separation of the time of puff start according to each instrument
and is indicative of the relative clock drift. The reason for the discontinuity shown in Figure 6.1b is explained in Section 6.3.1.3

Figures 6.2 and 6.3 show the exemplar time synchronization results. Both the pre-time
adjustment and post-time adjustment waveforms are shown. It can be seen that in both
the wPUM-PES and HX-CBTS time synchronizations, the post-time adjusted signals
line up very well, as can be seen in the bottom right subplot in each figure.
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F IGURE 6.2: Exemplar wPUM-PES time synchronization result. The
waveform from the PES is the reference that the waveform from the
wPUM is corrected to. The left column shows the first time synchronization session and the right column shows the last time session. The
top and bottom rows show the wPUM and PES time series waveforms
before and after time correction. The time synchronization equation is
presented in the figure title
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F IGURE 6.3: Exemplar HX-CBTS time synchronization result. The waveform from the CBTS is the reference that the waveform from the Hexoskin is corrected to. The left and right columns show the first and last
“puffs”, respectively. The top and bottom rows show the Hexoskin and
CBTS time series waveforms before and after time correction. The time
synchronization equation is presented in the figure title

It is observed in Table 6.1 that the repeated trials with each device yielded consistent
ω values. This confirms that the time synchronization model (Equation (6.1) and Equation (6.2)) is valid and that there is indeed a consistent relative RTC drift between devices that is a characteristic of the RTC in each device. Therefore, it should be possible
to use the mean ω values to predict and correct for the time base of each wPUM™ monitor and Hexoskin datalogger to a common time base (i.e. PC time). Additionally, it may
be possible to correct a Hexoskin datalogger’s time base directly to that of a wPUM™
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monitor’s time base, assuming that the reference clocks are consistent, i.e. CBTS clock
and PES clock are characteristically the same. The research question is answered by the
results presented in Table 6.1.
TABLE 6.1: Results of the time synchronization analysis, showing the
mean ω values for each wPUM™ monitor and Hexoskin datalogger by
unique device identifier. N corresponds to the number of repeated trials
performed. The PPM corresponds to the accuracy of the RTC in partsper-million. The Mean Sep. 8hrs and Mean Sep. 24hrs values correspond
to the projected time separation between the RTC and the reference clock
(due to ω only and not factoring in the initial offset) after 8 hours and 24
hours respectively

Device

N

Mean ω

Mean PPM

Mean Sep. 8hrs [s]

Mean Sep. 24hrs [s]

PUMJUL0101

3

0.99999914166066

0.86

0.025

0.074

PUMJUL0105

3

0.99999740989428

2.59

0.075

0.224

HXDL0001

3

1.00004000143333

40.00

-1.152

-3.456

HXDL0003

3

1.00003393453333

33.93

-0.977

-2.932

HXDL0004

6

1.00003479931667

34.80

-1.002

-3.007

HXDL0005

3

1.00004215780000

42.16

-1.214

-3.642

MNST0018

2

1.00003340940000

33.41

-0.962

-2.887

MNST0019

3

1.00004205596667

42.06

-1.211

-3.634

wPUM™

Hexoskin

It can be seen that the PPM of the RTC of the wPUM™ monitors are on average around
2 whereas for the Hexoskin dataloggers the average PPM of the RTC are around 35.
This is an order of magnitude difference in accuracy. As such, when the wPUM™ is
used in conjunction with the Hexoskin, the primary contribution of the relative drift
between the RTC of both devices is due to the Hexoskin’s RTC.
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This investigation confirms that τ is not a characteristic of the RTC but rather a coincidental effect of the initial difference in time base between the RTC and the reference
clock. This arbitrary offset cannot be pre-characterized to a suitable degree of accuracy
and therefore must be obtained via time synchronization for every deployment of the
wPUM™ and the Hexoskin.

6.3.1.4

Conclusions

The ω parameter of two wPUM™ monitors and six Hexoskin dataloggers were obtained via benchtop characterization. It was found that the Hexoskin’s ω values are an
order of magnitude larger than that of the wPUM™, meaning that the Hexoskin’s RTC
would exhibit a larger drift from a reference clock over the same period of time. The
intra-device consistency of ω suggest that future time corrections can be made with a
high degree of accuracy.

6.3.2

Investigating the ability to predict and correct for relative clock drift
using previously obtained RTC characteristics

The method for determining the time correction parameters (ω) requires two or more
time synchronization sessions (TimeSyncs) per each deployment of the wPUM™ and
the Hexoskin. The first TimeSync is still necessary for determining τ but in the event
that the other TimeSyncs are not performed or the data is lost, it may be possible to
still perform the time correction using the previously determined ω parameters (Section 6.3.1). This investigation is to determine if this is indeed possible.

6.3.2.1

Research question

Can the previously obtained ω parameters for the wPUM-PES and the HX-CBTS (from
Table 6.1) be used to predict the ω for the wPUM-HX?
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6.3.2.2

Methods

There are two stages to this investigation. In the first stage, time synchronizations are
performed on different combinations of wPUM™ monitors and Hexoskin dataloggers
(Table 6.2) to obtain the RTC characteristic parameter ω and the offset parameter τ according to the time synchronization model in Equation (6.4).

TwPU M = ωTHX + τ

(6.4)

Where:

TwPU M - timestamps of wPUM time series
THX - timestamps of HX time series
ω - clock drift parameter [s/s]
τ - clock offset parameter [s]

The parameter omega is reflective of the combined effect of the inherent characteristic of the RTC chips on-board the wPUM™ monitor and the Hexoskin datalogger and
therefore would be unique for every combination of the two devices. The data collection procedure is described below. For each combination of devices, 3 repeated trials
are performed. In each trial, the time synchronization maneuver would be repeated 3
times and the resultant waveforms (TimeSync1,2,3) will be used to calculate the ω and
τ parameters (Section 7.8). The outcomes of this stage are these parameters for each
repeated trial and the mean ω of each combination of devices.
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In the second stage, the predicted ω (ω predicted ) parameter will be compared to the actual
ω (ωactual ) parameter for each combination of devices. The ω predicted is calculated using
the values obtained from Table 6.1 for the specific wPUM™ monitor and the specific
Hexoskin datalogger in the combination using the model in Equation (6.5).

TwPU M =

ωCBTS,HX
THX + τ
ω PES,wPU M

(6.5)

Where:

TwPU M - timestamps of wPUM time series
THX - timestamps of HX time series
ωCBTS,HX - clock drift parameter between HX and CBTS (reference) [s/s]
ω PES,wPU M - clock drift parameter between wPUM and PES (reference) [s/s]
τ - clock offset parameter [s]

This model is obtained by combining and rearranging Equation (6.1) and Equation (6.2)
with the assumption that the CBTS and PES RTCs both exhibit the same characteristics
and therefore TCBTS = TPES . The parameters ωCBTS,HX and ω PES,wPU M are the ω parameters in Equation (6.1) and Equation (6.2), respectively. The ωactual is what is obtained
from the first stage of this investigation (using Equation (6.4) and the data collection
method described in the next section). By comparing ω predicted and ωactual , the ability to
make time base adjustments without having to perform more than one time synchronization per deployment of the wPUM™ and Hexoskin would be assessed.

Time synchronization breathing maneuver
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The time synchronization breathing maneuver is the breathing exercise performed by
the participant during time synchronization process. This is performed while wearing
the Hexoskin shirt with the datalogger connected. All inhales and exhales during this
time are through the wPUM monitor (with no need for a nose-clip and a dry-JUUL
inside). This process is done using the same wPUM monitor and Hexoskin datalogger pair that would be deployed to the participant. Presently, the time synchronization
maneuver is identical to the calibration breathing maneuver described in Section 5.3.1.
There is no reason for the two breathing maneuvers to be identical, this is merely done
to simplify the instructions to the participant. As is with the calibration breathing maneuver, the time synchronization breathing maneuver consists of a combination of “natural” (or “normal”) breaths and deep breaths with prolonged breath-holds. The specific
instructions to the participant are described below. Aside from the breath-hold following a deep inhale, the participant is instructed to not take pauses between breaths. They
are, however, allowed to stop the exercise at any point if they feel uncomfortable.

Data collection procedure
The following steps describe the procedure used to collect one trial of data needed for
this investigation:

1. Connected the Hexoskin datalogger and the wPUM™ monitor to the computer
(initial time set)
2. With the Hexoskin shirt worn, connected the datalogger to the shirt
3. Perform the time synchronization breathing maneuver as described in Section 6.3.2.2
(this will be TimeSync1)
4. Take off the Hexoskin shirt and connect the two devices to a power source (that is
not a computer to avoid automatic time set)
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5. Wait for at least 24 hours
6. Repeat steps 2-4 (this will be TimeSync2)
7. Wait for at least 24 hours
8. Repeat steps 2-4 (this will be TimeSync3)
9. Connect the Hexoskin datalogger and the wPUM™ monitor to the computer to
offload the data

These steps were performed once for each of the three combinations of wPUM™ monitors and Hexoskin dataloggers listed in Table 6.2:
TABLE 6.2: List of the combination of wPUM™ monitor and Hexoskin
datalogger unique device identifiers used in this time synchronization
investigation

6.3.2.3

Combination

wPUM™

Hexoskin

1

PUMJUL0101

HXDL0001

2

PUMJUL0101

HXDL0005

3

PUMJUL0105

HXDL0004

Results and discussion

Figure 6.4 shows an exemplar result of the time synchronization process. The posttime adjustment results show very good agreement between the two signals, as seen
in the bottom right subplot. This is in agreement with results previously shown in
Section 6.3.1.3. This was the case in all the trials conducted in this investigation.
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F IGURE 6.4: Exemplar wPUM-HX time synchronization result. The left
column shows the first time synchronization session and the right column shows the last time session. The top and bottom rows show the
wPUM™ and Hexoskin time series waveforms before and after time synchronization. The time synchronization equation is presented in the figure title

Across all combinations of wPUM™ monitors and Hexoskin dataloggers, it can be seen
that there is intra-combination consistency in the actual ω parameters (Table 6.3), and
subsequently the PPM values. This once again confirms that the ω parameter is a repeatable characteristic that can be obtained with the established time synchronization
method.
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TABLE 6.3: The results of repeated time synchronizations performed on
three wPUM-Hexoskin device combinations. The parameters ω and τ
are obtained using the time synchronization (Section 7.8) algorithm. The
PPM is calculated using (Equation (6.3)). The Sep. 8hrs and Sep. 24hrs
values correspond to the projected time separation between the wPUM™
and the Hexoskin (due to ω only and not factoring in the initial offset, τ)
after 8 hours and 24 hours, respectively

Combination

Trial

ω

τ

PPM

Sep. 8hrs [s]

Sep. 24hrs [s]

1

1

1.000034167349

1.686

34.167

0.984

2.952

1

2

1.000035491914

0.964

35.492

1.022

3.067

1

3

1.000035990845

0.167

35.991

1.037

3.110

Mean

1.000035216703

0.939

35.217

1.014

3.043

STD

0.000000942385

0.760

0.943

0.027

0.081

2

1

1.000034606538

1.890

34.607

0.997

2.990

2

2

1.000035491875

0.941

35.492

1.022

3.066

2

3

1.000034963570

2.206

34.964

1.007

3.021

Mean

1.000035020661

1.679

35.021

1.009

3.026

STD

0.000000445421

0.658

0.445

0.013

0.038

3

1

1.000029725533

0.840

29.726

0.856

2.568

3

2

1.000030270510

1.066

30.271

0.872

2.615

3

3

1.000030211618

2.156

30.212

0.870

2.610

Mean

1.000030069220

1.354

30.070

0.866

2.598

STD

0.000000299095

0.704

0.299

0.009

0.026

As expected there is large variability in the τ parameter across trials (Table 6.3). The
values of τ are around the same order of magnitude or one lower of the time separation
after 24 hours. This means that within the first 24 hours since the initial time set, the
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parameter τ is a significant contributor to the relative time difference between the two
devices. The impact of τ diminishes in comparison to ω as time goes on. The results
presented here once again confirm that there is no way to predict τ.

It is seen that in all combinations of the wPUM™ monitors and Hexoskin dataloggers
tested, the ω predicted values are different to the ωactual values (Table 6.4). From the calculation of the projected clock separation after 24 hours since initial time set, there would
be around a 0.6 seconds difference between the wPUM™ time base and the Hexoskin
time base if the ω predicted was used instead of ωactual . This is around a 21% error when
compared to the mean actual clock separation after 24 hours. This means that there
would be a potential offset of around 0.6 seconds between the wPUM™ puffs and the
Hexoskin breaths measured at around 24 hours after the initial time set. As stated in
Section 6.3, in order to distinguish between MTL and DTL using the proposed parameters (Chapter 8), the discrepancy between the wPUM™ and the Hexoskin must not be
greater than the puff length and ideally should be below 10%. A typical puff is around
2 seconds, so the maximum allowable discrepancy is 0.2 seconds.
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One potential reason for this discrepancy is that the assumption that the CBTS and PES
RTCs are consistent may be invalid. In other words, the RTC behavior of the CBTS
and the PES computers may not be the same. This is likely since they are two different
computers but the hope was that the RTC chips on commercial computer motherboards
would be significantly more accurate than the ones used in the wPUM™ and the Hexoskin datalogger. In the future, this validity can be assessed by repeating the investigation done in Section 6.3.1 and use the same reference clock, i.e. have the PES and the
CBTS connected to the same computer.

The good news, however, is that because ωactual is repeatable, it would be possible to
pre-characterize the combination of a wPUM™ monitor and a Hexoskin datalogger to
obtain ω needed to correct the time base in the event of data loss or if the subsequent
time synchronizations beyond the first could not be completed3 . Since this is only necessary in these rare circumstances, not all combinations of the available wPUM™ monitor and the Hexoskin dataloggers need to be pre-characterized; this can be done postdeployment for the specific combinations of monitor and datalogger in cases of partial
data loss.

In regards to the research question, the previously obtained ω parameters from the
benchtop characterizations of the wPUM and Hexoskin do not appear to match the
actual ω parameters. This, however, is believed to be due to errors in the methodology
and not the theory.

3 The

first time synchronization is always necessary in order to obtain the initial time offset τ between
the two devices
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ω PES,wPU M

0.9999991416606

0.9999991416606

0.9999974098942

Combination

1

2

3

1.0000347993166

1.0000421578000

1.0000400014333

ωCBTS,HX

1.0000373895192

1.0000430161762

1.0000408598077

ω predicted

ωactual

ω predicted −ωactual
ωactual

1.0000300692203

1.0000350206610

1.0000352167026

respectively. The percentage difference is calculated by

3.230

3.717

3.530

Predicted Sep.

∗ 100

2.598

3.026

3.043

Actual Sep.

TABLE 6.4: Comparison between the predicted and actual ω values for three wPUM-Hexoskin device combinations. Values of ω PES,wPUM and ωCBTS,HX are taken from Table 6.1. The values of ω predicted are calculated
using Equation (6.5). The values of ωactual are the mean values of ω in Table 6.3. The Predicted Sep. and Actual
Sep. values correspond to the projected time separation in seconds between the wPUM™ and the Hexoskin
(due to ω only and not factoring in the initial offset, τ) after 24 hours calculated using ω predicted and ωactual ,
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6.3.2.4

Conclusions

Based on these results, the predicted ω and the actual ω appear to be significantly different, resulting in a time discrepancy of greater than 0.2 seconds after the time correction
is applied using ω predicted . This level of accuracy is insufficient for the purpose of this
dissertation. However, it was observed that the ωactual values are repeatable and therefore it would be possible to follow the procedure in the first stage of this investigation
to obtain the ω value for any of the wPUM-Hexoskin combination of interest. Going
forward, the time synchronization will be done for the specific pair of wPUM and Hexoskin dataloggers used in each deployment.

6.4
6.4.1

Aim 3.2 – Validation
Investigating the validity of the Hexoskin in measuring PAR of DTL
puffs in a controlled setting

Now that the combined system of the wPUM and Hexoskin has been developed, and
each component has been independently validated, it is now time to validate the combined system. The objective of this investigation is to determine the accuracy and validity of using the Hexoskin to measure PAR topography of DTL (“direct-to-lung”) puffing
in a controlled setting. This is a special case of validating the Hexoskin under a specific use-case condition. In DTL puffing, unlike MTL (“mouth-to-lung”), all the volume
entering the lung goes through the tobacco product (and wPUM™ monitor) during
puffing. To ensure that this is the case in this investigation, a nose-clip is worn while
puffing. This presents a condition wherein the accuracy of the Hexoskin to measure
volume during a specific targeted behavior can be assessed. In this investigation, the
wPUM™ monitor is considered as the primary instrument for comparing the volume
measured by the Hexoskin.
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6.4.1.1

Research questions

How well do the volume measurements made by the Hexoskin compare to those of the
wPUM™ monitor during DTL puffing?

6.4.1.2

Methods

Data collection
The following steps describe the procedure used to collect data for this investigation:

1. Connected the Hexoskin datalogger and the wPUM™ to the computer
2. With the Hexoskin shirt worn, connected the datalogger to the shirt
3. Performed the time synchronization breathing exercises
4. Performed DTL puffs through the wPUM™ monitor ad-lib during a 23-minute
session, while seated and relaxed. In between puffs, breaths were taken through
the mouth (not wPUM™ monitor) while still wearing the nose-clip.
5. Performed the time synchronization breathing exercises
6. Disconnected datalogger and connected it to the computer for data offloading

The wPUM™ monitor had an empty JUUL and a nose-clip was worn throughout (as
described in the wPUM™ case in Section 5.3.2.1)

Data analysis
The centroid calibration parameters (Figure 5.7) obtained from the wPUM case in Section 5.3.2.1 were used to obtain the calibrated Hexoskin volume waveform. The PAR
topography was manually identified (using the method described in Section 7.9) from
the Hexoskin volume waveform. The puff volumes from the wPUM™ were compared
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to the inhalation volumes of PAR from the Hexoskin on a puff-by-puff basis. Since this
investigation involves comparing the wPUM™ waveform to the Hexoskin waveform,
time synchronization (Section 7.8) was performed.

Outcome measures

a. PAR volume from Hexoskin
b. Puff volume from wPUM
c. Difference between (a) and (b)

6.4.1.3

Results and discussions

Figure 6.5 shows an exemplar waveform result showing one of the puffs (puff no. 6) and
the associated PAR (cycle no. 124). This is one of 16 puffs conducted. Time synchronization has been performed. The Hexoskin respiratory volume has been calibrated using
the calibration parameters from the wPUM™ monitor as the calibration instrument.
Therefore the volume of non-PAR cycles do not have realistic magnitudes
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F IGURE 6.5: Exemplar Hexoskin volume waveform and puff volume
waveform

It can be seen that the PAR volumes are similar to the puff volumes in all the puffs measured (Figure 6.6). There is no consistency in terms of directionality of the difference; in
some puffs, the wPUM™ monitor reported a higher volume whereas in some puffs the
Hexoskin reported the larger volume. However, the overall magnitude of difference is
close to 0 [mL] (with a mean of 13 [mL] across the 16 puffs). Considering that the mean
puff volume is around 155 [mL], the mean of the volume difference of 13 [mL] constitutes an error of 13/155 ∗ 100 = 8.4%, which is acceptable considering the limitations
of the wPUM™ monitor as the calibration instrument (as reported in Section 5.3.2.1).
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F IGURE 6.6: Top panel: PAR volume and puff volume for the 16 puffs
that were measured while performing DTL puffs using the wPUM™
with an empty JUUL and a nose-clip. Middle panel: PAR volume - puff
volume for each of the puffs. Bottom panel: Comparison of the mean of
volume difference to 0 [mL]. From the t-test performed it was shown that
the mean of the difference between PAR and puff volume is not significantly different to 0 [mL]

The key difference between this investigation and the ad-lib breathing validation investigation (Section 5.4.1) is that the volumes (< 155 [mL]) measured during DTL puffing
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is much smaller than the volumes ( 600 [mL]) measured during ad-lib tidal breathing.
From the results of Section 5.3.2.1, it is believed that this is approaching the lower end
of the magnitude of volume measurable by the Hexoskin. It is possible that lower DTL
puff volumes may not be accurately measurable by the Hexoskin.

In regards to the research question, it appears that given the relatively low accuracy of
the wPUM as the calibration instrument, the difference between the PAR volumes and
the puff volumes are small, suggesting that Hexoskin is able to measure PAR volumes
associated with DTL. There are, however, some limitations as described in the following
section.

6.4.1.4

Limitations and future work

This investigation was performed by a non-tobacco user and therefore the DTL puffing behavior may not necessarily reflect real DTL puffing. However, this is not a real
issue in this investigation because the primary goal was to assess the accuracy of the
Hexoskin in measuring volume, to that end even if the DTL behavior was not authentic
there is still value in the volume measurement. Another limitation is that this investigation was performed in a controlled setting and only has a limited number of puffs. In
the future, this investigation should be repeated by an experienced tobacco user while
using the wPUM™ monitor with an active JUUL to fully emulate the real DTL puffing experience and to perform this investigation in their natural use environment with
more puffs and repeated trials.

Another limitation is that the mean puff volume was around 155 [mL], which is higher
than the typical puff volumes of the majority of cigarettes and high flow path resistant

161

Chapter 6. Aim 3: Develop a Method to Time-synchronize the Respiratory
Topography to Simultaneously Measured Puff Topography
ENDS (such as pen-styles and cig-a-likes). In the future, an investigation must be conducted to assess whether the Hexoskin would be able to measure these lower volumes.

6.4.1.5

Conclusions

Based on the comparison of the puff and PAR volumes across all the puffs measured on
a single subject, it is observed that the mean error is relatively small (< 10%). It appears
that the Hexoskin can measure PAR of DTL puff volumes of around 155 [mL] with a
relatively high degree of accuracy.

6.5
6.5.1

Aim 3.3 - Characterization
Investigating the validity and accuracy of the wPUM-Hexoskin time
synchronization

The wPUM and the Hexoskin have independently been characterized. The goal now is
to characterize the combined system. The primary factor that limits the functionality of
the combined system to achieve its ultimate function of measuring PAR is the time synchronization capability. It has been demonstrated in Section 6.3.1 and Section 6.3.2 that
the time synchronization process works. However, the accuracy of the time correction
has not been assessed.

In this investigation, the validity of this method is assessed. This is done by performing three time synchronization breathing maneuvers across multiple days, then using
only the waveforms from two of them to obtain the time correction parameters. These
parameters are then applied to the Hexoskin waveform from the unused breathing maneuver and comparing that to the wPUM waveform. If both signals are aligned, then
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this method is validated. The degree to which they are aligned will inform the accuracy
of the method.

6.5.1.1

Research questions

1. Is the time synchronization method valid?
2. What is the accuracy of the time synchronization between the wPUM and the
Hexoskin?

6.5.1.2

Methods

Data collection process
The following steps describe the procedure used to collect data needed for this investigation:

1. Connected the Hexoskin datalogger and the wPUM monitor to the computer (initial time set)
2. With the Hexoskin shirt worn, connected the datalogger to the shirt
3. Perform the time synchronization breathing maneuver as described in Section 6.3.2.2
(this will be TimeSync1)
4. Take off the Hexoskin shirt and connect the two devices to a power source (that is
not a computer to avoid automatic time set)
5. Wait for at least 24 hours
6. Repeat steps 2-4 (this will be TimeSync2)
7. Wait for at least 24 hours
8. Repeat steps 2-4 (this will be TimeSync3)
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9. Connect the Hexoskin datalogger and the wPUM monitor to the computer to offload the data

Data analysis
The data from the first and last time synchronization breathing maneuvers were used
to obtain the ω and τ parameters that correct the Hexoskin waveform to the wPUM
waveform. These parameters are then applied to the Hexoskin waveform from the second time synchronization breathing maneuver. This corrected Hexoskin waveform is
then compared to the corresponding wPUM waveform in terms of the time offset before
adjustment and after adjustment. The time offset between the adjusted Hexoskin waveform and the wPUM waveform is effectively the accuracy of the time synchronization.

6.5.1.3

Results and discussions

The time synchronization maneuver was performed once a day for three days. The
wPUM and Hexoskin waveforms from TimeSync1 and TimeSync3 were used to calculate the time correction parameters ω and τ using the time synchronization algorithm
described in Section 7.8. The values of ω and τ obtained are in the title of Figure 6.7.
These parameters are then applied to the waveforms from TimeSync2.
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F IGURE 6.7: wPUM-HX time synchronization result. The left column
shows the first time synchronization session and the right column shows
the last time session. The top and bottom rows show the wPUM and
Hexoskin time series waveforms before and after time synchronization.
The time synchronization equation is presented in the figure title

The result (Figure 6.8) shows that the adjusted TimeSync2 Hexoskin waveform lines up
perfectly with the corresponding wPUM waveform. The time offset between the two
waveforms after adjustment is zero, indicating that the time synchronization method
is valid. Although this implies that the time synchronization process has a perfect accuracy, there is a theoretical limit to the accuracy. Since the sampling rate of the Hexoskin is 128 [Hz], the common time base the algorithm creates for both the wPUM and
the Hexoskin is double that frequency in order to satisfy Nyquist’s theorem, i.e. the
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common time base sampling rate is 256 [Hz] or 0.00390625 [s] sampling period. This
sampling period effectively is the theoretical accuracy limit, which is well below the
minimum acceptable accuracy of 0.2 [s] (as explained in Section 6.3). This provides the
answer to both research questions.

F IGURE 6.8: Result of applying the time adjustment equation (obtained
from TimeSync1 and TimeSync3 Figure 6.7) to TimeSync2. The top panel
shows the wPUM and Hexoskin waveforms before the adjustment was
applied. The time offset before and after the adjustment are presented in
the title

6.5.1.4

Conclusions

The time synchronization method, including the associated breathing maneuver and
the various algorithms involved, has been proven to be valid and highly accurate.
166

7 Aim 4 - Develop an Analysis
Program to Calculate Respiratory
Topography Parameters for Tidal
Breathing and Puff Associated
Respiration (PAR)

7.1

Overview

There are seven key steps in analyzing the data obtained using the integrated WRM and
wPUM™ system. This chapter will go through in detail each of the algorithms that are
associated with each of these key steps. Starting with (1) Data Segmenting - wherein
the relevant respiratory waveforms are extracted from all the data collected, (2) Extrema
Finding - wherein the minima and maxima points are identified in the waveform, (3)
Baseline Compensation - wherein the transient drift in the waveform is removed, (4)
WRM Calibration - wherein the chest motion waveforms from the WRM are converted
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to the respiratory volume waveform, (5) Respiratory Topography Calculation - wherein
the key features of each respiratory cycle in the waveform are extracted and tabulated,
(6) Time Synchronization - wherein the time basis of the waveform from one device (e.g.
Hexoskin) is adjusted to be in the same time basis as the waveform from another device
(e.g. wPUM), and lastly (7) PAR Topography Calculation - wherein the respiratory cycle
associated with each puff is identified, classified (as MTL, DTL, or other), and the key
features are extracted and tabulated.

Unless otherwise specified, all algorithms presented here are developed by the author
and constitute part of RTL’s suite of programs called TAP. All analysis codes are developed in the MATLAB programming environment and utilizes MATLAB’s pre-packaged
functions. The actual scripts and functions developed will not be attached to this dissertation document but will be described as best as possible to allow for comprehension
of the data analysis process.

To simplify the explanation of the whole data analysis process, a particular use-case scenario will be used. This scenario has three phases: In Phase 1, the participant wears the
Hexoskin shirt and connects the datalogger. They are then instructed to perform the
calibration breathing maneuver (Section 5.3.1) with the spirometer as the calibration
instrument followed by the time synchronization breathing maneuver (Section 6.3.2.2)
with a provided wPUM monitor. They then take the shirt off and disconnect the datalogger. In Phase 2, the participant begins with wearing the shirt again and reconnecting
the datalogger. They are again provided with the same wPUM monitor and then instructed to puff through it in an ad-lib fashion for 20 minutes. They then take the shirt
off and disconnect the datalogger. In Phase 3, the participant once again wears the shirt,
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reconnects the datalogger, and once again performs the calibration breathing maneuver and the time synchronization breathing maneuver using the same wPUM monitor.
Once complete, the shirt is taken off and the datalogger is connected to the computer
for data offloading.

The following are some facts about the data collected from each instrument involved in
the data analysis process:
Spirometer

• Measures flow rate which is converted to volume via cumulative trapezoidal integration
• Data is collected via the manufacturer’s proprietary software called Vernier Graphical Analysis
• Data is collected at 50 [Hz] and is stored in a CSV format
• The accuracy of the start time of the waveform is on the order of seconds

Hexoskin

• Every time the datalogger is connected to the shirt, a new data “record” is created,
which contains data from all the sensors
• Data is collected continuously as long as the datalogger is connected to the shirt
• Data is stored in the internal memory until it is uploaded to Hexoskin’s server
once the datalogger is connected to the computer
• Data must first be downloaded from the server before it can be analyzed
• The chest motion waveform data is collected at 128 [Hz] and is stored in binary
format
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• The accuracy of the start time of the waveform is on the order of milliseconds

wPUM monitor

• Measures gauge pressure as a function time which is converted to flow rate via
wPUM calibration
• Calibrated flow rate waveform is converted to volume waveform via cumulative
trapezoidal integration
• The waveform data is collected at 40 [Hz] and stored in CSV format
• The accuracy of the start time of the waveform is on the order of milliseconds

7.2

Specific Aims

Aim 4 - Develop an Analysis Program to Calculate Respiratory Topography Parameters for Tidal Breathing and Puff Associated Respiration (PAR)
Aim 4.1 - Develop a data analysis process that quantifies the desired respiratory topography parameters from raw uncontrolled WRM data
Aim 4.2 - Develop a signal processing routine to analyze both WRM and wPUM™ data
to obtain PAR topography

7.3

Step 1: Data Segmenting

The goal and primary outcome of this analysis step is a subset of waveforms extracted
from all the data collected for use in the rest of the analysis steps. This subset includes: “Calibration” waveforms, “TimeSync” (time synchronization) waveforms, and
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“Deployment” waveforms (containing tobacco use behavior).

Once all the waveform data have been collected from the various instruments and the
data files saved on the computer, the relevant waveform segments must be extracted
from the overall waveform. For example, in the Hexoskin data record created in Phase
1, the calibration waveform (to be used in the WRM Calibration step) and the time synchronization waveform (to be used in the Time Synchronization step) are both in the
same volume waveform at different time points and as such must be segmented out
(as seen in Figure 7.1). Presently, the segmenting is done manually by the data analyst,
by picking the start and end of each relevant segment and naming them appropriately.
The algorithm then extracts the waveform and stores it in the appropriate file format
for the next steps. This process is repeated for all data files from every instrument involved. For the example scenario, the resultant segmented waveforms are summarized
in Table 7.1.
TABLE 7.1: List of waveforms segmented from the overall data collected
from the Hexoskin, Spirometer, and the wPUM in each phase of the example scenario. The asterisks denote the device that the waveform is
taken from

Waveform

Phase

Hexoskin

Spirometer

Calibration1

1

*

*

Calibration2

3

*

*

TimeSync1

1

*

*

TimeSync2

3

*

*

Deployment

2

*

*
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The following figure shows the exemplar data segmenting with annotated calibration
and deployment segments.

( A ) Unsegmented waveform

( B ) Calibration1 waveform

( C ) Deployment waveform

( D ) Calibration2 waveform

F IGURE 7.1: Exemplar result of the data segmenting step with annotated
start and end of the calibration segments and the deployment segment in
the Hexoskin chest motion waveform
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7.4

Step 2: Extrema Finding

The goal and primary outcome of this analysis step is a list of all the maxima and minima locations, as timestamps and array indices, present in the input waveform.

These extrema locations are important for the following reasons. Firstly, in this dissertation, a respiratory cycle in a waveform is defined by four temporal locations as shown
in Figure 7.2. The diagram shows an idealized respiratory cycle which is represented
as a trapezoid with four elements (numbered) and four nodes (colored polygons) as
described in the figure legend. Actual respiratory cycles are more sinusoidal in shape
and will be shown in the Respiratory Topography Calculation step, wherein the extrema locations are used to extract the respiratory topography parameters. The four
nodes are made up of two minima (green circle and purple diamond) and two maxima
(orange square and blue triangle). The algorithm searches through the whole respiratory waveform and attempts to find all extrema locations. The algorithm makes use
of MATLAB’s isminima and ismaxima with dynamic specifications of the prominence
value. To improve the accuracy and efficiency, the algorithm looks for extrema locations in a sliding window, with the size of either 1% of the total waveform length or 600
[s], whichever is smallest. This is particularly useful when analyzing large waveforms,
such as during an observation study where the shirt is worn for up to 12 hours. In addition for use in finding each respiratory cycle, the minima locations are also used in the
baseline compensation step.

The extrema finder algorithm attempts to find complete cycles. At minimum, each
breathing cycle is composed of one local maximum within two local minima. The algorithm sequentially goes through each pair of local minima that do not surround a local
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maximum and attempts to find one. In doing so, it ensures that each breathing cycle is
complete. In the end, the algorithm would have identified distinct cycles in the data.
For N breaths, there would be N maxima and N+1 minima.

F IGURE 7.2: Idealized respiratory cycle definition used by the algorithm
to extract respiratory cycles from the respiratory waveform

Overall, the extrema finder algorithm is very successful at identifying extrema locations. In some cases, the algorithm may find extrema locations where they should not
exist or fail to find extrema locations where they should exist. This usually happens due
to anomalous motion in the waveform. The implication of misidentifying extrema locations is typically minor and localized. For example, if the maximum that ascribes the
end of the inhale in cycle N is misplaced, then at most this will impact the topography
parameters of cycle N by underestimating or overestimating the breath-hold duration.
If the minima location that ascribes the start of an inhale of cycle N is misplaced then
it will at most impact cycle N and cycle N-1 by making one cycle longer and the other
shorter than in reality.
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7.5

Step 3: Baseline Compensation

The goal and primary outcome of this analysis step is a baseline-compensated version
of the input waveform.

It is observed that chest motion signals from the Hexoskin exhibits a transient drift as
shown in Figure 7.3. It is believed that this drift in the baseline is due to the inductance
sensor used by the Hexoskin to measure chest motion signals. The assumption used in
this step is that the baseline drift does not constitute real behavior and thus the removal
of the baseline drift (i.e. baseline compensation) is necessary to get to the true chest
motion waveform.
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F IGURE 7.3: Exemplar baseline compensation result. The red dashed line
is the pre-compensated waveform. The green circles are the minima locations and the green line is the baseline created by connecting the minima
points. The blue line is the baseline compensated waveform created by
subtracting the baseline from the pre-compensated waveform

The baseline is obtained by piecewise linear interpolation between the minima locations. The minima locations are shown as green circles in Figure 7.3 and the baseline is
the green line connecting the circles. Subtracting the baseline from the raw waveform
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results in the baseline compensated “clean” waveform.

7.6

Step 4: WRM Calibration

The goal and primary outcome of this step is to calculate: i) The calibration parameters
KTC and K AB according to the calibration model (Equation (4.4)), and ii) The volume
estimate waveform (obtained by applying the calibration parameters).

Once the calibration waveforms have been segmented and baseline compensation has
been performed, the WRM calibration can be performed. Two methods have been developed to obtain the calibration parameters.

7.6.1

Linear regression

In this method, the calibration parameters are obtained through linear regression, using
MATLAB’s fitlm function with the linear and no intercept option. The model inputs are
the chest motion waveforms (TC and AB) from the Hexoskin and the spirometer volume waveform (SP). These waveforms are the Calibration1 and the Calibration2 waveforms segmented in step 1 (Table 7.1). The fitlm function returns the KTC and K AB values
that best fit the model.

Once the calibration parameters have been calculated, they can be applied to the model
described in Equation (4.5) to convert the chest motion waveforms collected during
Phase 2 (Deployment) to the volume estimate waveform.

The following is an exemplar result from a Hexoskin calibration:
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F IGURE 7.4: Exemplar Hexoskin calibration. The top panel shows the
normalized and scaled spirometer (SP), thoracic (TC), and abdominal
(AB) waveforms. The SP and TC waveforms are normalized from 0 to
1 and the AB waveform is normalized to scale with the TC signal. The
bottom panel shows the calibrated volume waveform (V̂) and SP.

In the cases where repeated calibrations have been performed such as in the example
scenario, the mean of each calibration parameter is used instead.

7.6.2

Calibration surface

Another method to obtain the calibration parameters is by calculating the mean error
(ME) as a function of KTC and K AB values. The error (r, Equation (7.1)) between V̂ and
SP is a vector with length N corresponding to the number of samples in each vector.
ME is defined as the mean of r, a scalar with units of [s]. Given a set of SP, TC, and AB
waveforms, ME is a function of KTC and K AB . The objective for the calibration is to find
a set KTC and K AB that minimizes ME. This is done by calculating ME at a range of KTC
and K AB .
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r = SP − V̂ = SP − (KTC TC + K AB AB)

(7.1)

r - residual error in units of [mL]
SP - volume waveform obtained using the a calibration instrument (i.e. spirometer) in
units of [mL]
V̂ - volume estimate waveform obtained from applying the calibration to the chest motion waveforms in units of [mL]
TC - thoracic motion waveform obtained from the WRM in units of [counts]
AB - abdominal motion waveform obtained from the WRM in units of [counts]
KTC - calibration parameter that converts thoracic motion to volume and has units of
[mL/counts]
K AB - calibration parameter that converts abdominal motion to volume and has units
of [mL/counts]

When ME is plotted as a function of KTC and K AB (Figure 7.5), it is observed that ME
is more significantly influenced by KTC than by K AB , indicating that at least for this
dataset from this participant, the thoracic movement is more significant than the abdominal movement while performing the calibration. Another observation is that there
is potentially an infinite amount of KTC and K AB pairs that can minimize ME, as seen
by the line of minima. This is not unusual for a model with two degrees of freedom. In
the future, some work needs to be done to assess the implications of the infinite pairs of
calibration and the impact on measured data.
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( A ) 3D view

( B ) Top-down view

F IGURE 7.5: Plot of ME as a function of KTC and K AB for the same SP,
TC, and AB presented in Figure 7.4. The black line represents the line of
minima.
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7.7

Step 5: Respiratory Topography Calculation

The goal and primary outcome of this analysis step is a table of respiratory topography
parameters for a given respiratory waveform.

Once the calibrated respiratory volume (V̂) has been obtained, the respiratory topography can then be calculated. First, the extrema locations are obtained by subjecting V̂
to the extrema finder algorithm. With these, the start and end timestamps of the inhale
and exhale portion of each respiratory cycle are now known. Using these, the remaining respiratory topography parameters can be calculated using the formulae described
in Table 7.2. It is observed that the inter-cycle pause is virtually non-existent in all the
data collected.
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TABLE 7.2: Respiratory topography parameters of interest and how they
are calculated

Name

Unit

Symbol

Formula

Start time

timestamp

Tin,s

End time

timestamp

Tin,e

mL

Vin

V̂ ( Tin,e ) − V̂ ( Tin,s )

Duration

s

din

Tin,e − Tin,s

Flow Rate

mL/s

qin

Vin /din

Start time

timestamp

Tex,s

End time

timestamp

Tex,e

mL

Vex

V̂ ( Tex,e ) − V̂ ( Tex,s )

Duration

s

dex

Tex,e − Tex,s

Flow Rate

mL/s

qex

Vex /dex

Breath-hold duration

s

dbh

Tex,s − Tin,e

Inter-cycle pause duration

s

dip

∗ −T
Tex,e
in,s

Respiratory cycle duration

s

dr

Tex,e − Tin,s

Inhale

Volume

Exhale

Volume

7.7.1

Limitations and future work

It is observed in some respiratory cycles that there is a discrepancy between the inhale
volume and exhale volume. This discrepancy may be attributed to the reserve capacity
of the lungs. In ad-lib breathing, it is possible for the inhale volume to not exactly match
the exhale volume on a breath-by-breath basis because some volume of inhaled air may
not be exhaled and instead held back in the lungs. In measuring breathing using the
current method, the primary potential cause for this discrepancy is in the placement
182

7.7. Step 5: Respiratory Topography Calculation
of extrema points by the algorithm. Given the four extrema locations that describe a
respiratory cycle, the inhale volume is calculated by subtracting the volume at the start
of the inhale from the volume at the end of an inhale. Likewise, the exhale volume is
calculated by subtracting the volume at the end of the exhale from the volume at the
start of the exhale. The transient behavior between these key points is not factored into
the calculations. As a result, the inhale volume and exhale volume are highly sensitive
to the accuracy of the extrema finder algorithm. If a local maximum or minimum is
misplaced, then the volume calculations would be inaccurate. In the future, the algorithm could also incorporate another method of calculating inhale volume which is to
integrate the volume waveform from the start of inhale to the end of the inhale and
divide by the inhale duration as follows:

Vin =

1
Tin,e − Tin,s

Z Tin,e
Tin,s

V̂ (t) dt

(7.2)

Where:

Vin - inhale volume for a given respiratory cycle in units of [mL]
Tin,e - time of inhale end
Tin,s - time of inhale start
V̂ - volume estimate waveform obtained from applying the calibration to the chest motion waveforms in units of [mL]

Similarly, the exhale volume can be calculated in the following way:

Vex =

1
Tex,e − Tex,s
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Z Tex,e
Tex,s

V̂ (t) dt

(7.3)
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Where:

Vex - exhale volume for a given respiratory cycle in units of [mL]
Tex,e - time of exhale end
Tex,s - time of exhale start
V̂ - volume estimate waveform obtained from applying the calibration to the chest motion waveforms in units of [mL]

This would not eliminate the impact of the extrema locations on the volume calculations
but it would make it more robust and account for the transient behavior.

Additionally, the transient behavior of the volume waveform between the extrema
points is indicative of the transient nature of the way a person breathes and is reflective of the transient flow rate. However, the current method of calculating the flow rate
simply involves dividing the inhale volume by the inhale duration and dividing the exhale volume by the exhale duration. This flow rate is essentially the average flow rate.
The transient flow rate can be found by differentiating the volume waveform, as shown
below:

q̂(t) =

δV̂ (t)
δt

Where:

q̂(t) - transient flow rate in units of [mL/s]

184

(7.4)

7.8. Step 6: Time Synchronization
V̂ - volume estimate waveform obtained from applying the calibration to the chest motion waveforms in units of [mL]
Tin,s - time in units of [s]

The disadvantage to this method is that because the volume waveform is noisy and the
sampling frequency is high (128 [Hz]), differentiation would introduce a lot of noise to
the transient flow rate waveform. Nevertheless, the transient flow rate waveform may
provide some valuable information about the way a person breathes.

7.8

Step 6: Time Synchronization

The goal and primary outcome of this analysis step is an equation that can correct the
timestamps in one time series such that the resultant waveform aligns with that of the
reference time series.

This algorithm uses a modified cross-correlation function (Equation (7.6)) and an optimization routine to obtain the time correction equation that is used to correct the Hexoskin time base to the wPUM time base1 . First, each TimeSync data from each instrument are joined to form a long time series. For the Hexoskin, only one of the chest motion time series is used, typically the thoracic signal (TC). Once the wPUM time series
and the Hexoskin time series have been read, each containing one or more TimeSync
data sets, a common time base is created and the two signals are interpolated onto the
common time base. This is necessary for the cross-correlation step. The data from both
devices are then normalized to the range of 0 and 1, as this improves the accuracy of the
cross-correlation by minimizing the likelihood of one signal’s magnitude dominating
1 This

algorithm can be extended for use with any two devices as long as they report timestamped data
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the other. With the traditional cross-correlation function (Equation (7.5)), only the time
offset (τ) between two time series can be found. To find the relative clock drift, a modification must be made to the cross-correlation function by introducing ω to quantify the
drift (Equation (7.6)). The result of the cross-correlation function, σ, effectively quantifies the overlap of the two time series. When both time series are perfectly aligned,
σ would be at the maximum value. Therefore to synchronize the two time series, an
optimization algorithm (MATLAB fminsearch function with default options) is used to
find the parameters ω and τ that maximizes σ. Once ω and τ have been obtained, they
can be applied to TwPU M = ωTHX + τ to correct the time base of the Hexoskin time
series from Phase 2 to match that of the wPUM time series. This process only affects
the timestamps of the time series and has no impact on the magnitudes, i.e. there is no
impact on the measurements made.

The standard cross-correlation function is as follows:
Z tend

σ = ( f ∗ g)(τ ) =

tstart

f (t) g(t + τ ) dt

(7.5)

Where:

f is the primary time series waveform
g is the secondary time series waveform
τ is the offset (i.e. phase shift) between the two time-series waveforms

The modified cross-correlation function is as follows:

σ = ( f ∗ g)(ω, τ ) =

Z tend
tstart

186

f (t) g(ωt + τ ) dt

(7.6)

7.9. Step 7: PAR Identification, Classification, and Topography Calculation
Where:

f is the primary time-series waveform
g is the secondary time-series waveform
ω is the relative phase drift (i.e. slope) between the two time series waveforms
τ is the relative phase shift (i.e. offset) between the two time series waveforms

7.9

Step 7: PAR Identification, Classification, and Topography
Calculation

The goal and primary outcome of this analysis step is the list of puff associated respiration (PAR) cycles and their topography parameters for each puff performed by the
subject.

This step only applies to data from Phase 2 in the example use-case scenario. These
are the respiration cycles in which the tobacco user inhales the tobacco emissions. The
wPUM monitor establishes the onset of each puff as well as its characteristics (volume,
flow rate, duration, etc.) that will be used in the determination of which respiratory
cycle in the multitude of cycles present in Phase 2 are PAR. There are currently two
methods to achieve this: (i) automated method, and (ii) manual method. In both cases,
the Hexoskin time series must first be synchronized to the wPUM time series (using
Section 7.8).

7.9.1

Automated PAR identification

In the automated process, the parameters (γ, ϕs , and ϕe ; Table 7.3) and metrics developed in Chapter 8 are utilized. The algorithm first considers all the respiratory cycles
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within the vicinity of the puff in a time window of around 20 seconds before and 20
seconds after the puff. This reduces the amount of cycles that the algorithm needs to
analyze which improves performance. From these short-listed cycles, the two primary
PAR candidates are the cycles that overlap or are coincidental with the puff (potential
DTL candidate) and the cycle that immediately follows the puff (potential MTL candidate). The parameters of these two cycles are then calculated and compared to the
metrics. The cycle with parameter values that fits closest to the metric is chosen as the
PAR cycle.
TABLE 7.3: The parameters utilized in the automated PAR identification
and classification algorithm. The details of the parameters are presented
in Chapter 8. The definition of the symbols are presented in Table 7.2

Name

7.9.2

Unit

Symbol

Formula

Puff-to-inhale volume magnitude ratio

-

γ

Puff-to-inhale time offset ratio

-

ϕs

Vp
Vin
Tin,s − Tp,s
dp

Puff-to-inhale time offset ratio

-

ϕe

| Tin,e − T p,e|
dp

Manual PAR identification

The manual PAR identification process involves looking at the overlaid respiratory volume waveform from the Hexoskin and the puff volume waveform from the wPUM and
picking the respiratory cycle that is considered to be the one associated with each puff.
The determination of which respiratory cycle is a PAR is based on the judgment of the
author. Since the two waveforms have been time synchronized (Section 7.8), one of
the assumptions is that the respiratory cycles in close proximity of the puff are likely
candidates for PAR, as typically these are cycles that either overlap with the puff or
immediately follows the puff. The next step is picking one that is most likely the PAR
cycle. In some cases it is obvious that the pattern is either DTL or MTL, based on the
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position of the PAR cycle relative to the puff and the difference in puff volume to PAR
volume. For example, in the case of DTL, the start of the PAR would be around the
same time as the start of the puff (as seen in Figure 7.6b). In the case of MTL, the PAR
cycle would start after the puff ends (as seen in Figure 7.6a).

( A ) Exemplar MTL puff and inhalation pattern

( B ) Exemplar DTL puff and inhalation pattern

F IGURE 7.6: Exemplar MTL and DTL puff and inhalation patterns from
OS7 wave 1 data
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The manually identified PAR cycles are considered “ground-truth”. The automated
process can only be as good as the classifications made by the analyst. The hope is that
the algorithm will be able to replace the manual identification process to expedite the
analysis process. A secondary goal of the manual process to provide a benchmark to
assess how well the automated process performs compared to the manual process.
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8 Aim 5: Investigate Feasibility of
Identifying Parameters to
Characterize Mouth to Lung (MTL)
and Direct to Lung (DTL) User
Behaviors

8.1

Overview

One of the secondary goals of this dissertation is to produce a means for distinguishing
between “mouth-to-lung” (MTL) and “direct-to-lung” (DTL) tobacco usage behaviors
using data collected from the wPUM™ monitor and the Hexoskin. These are two distinct behaviors of how a person would inhale tobacco emissions (smoke or vapor) from
a tobacco product into their lungs. In DTL puffing, the tobacco user puffs the emissions directly into their lungs in a single breath; all the emissions that flows through
the product enters the oral cavity and immediately passes through the trachea and into
191

Chapter 8. Aim 5: Investigate Feasibility of Identifying Parameters to Characterize
Mouth to Lung (MTL) and Direct to Lung (DTL) User Behaviors
the lungs. In MTL puffing, the person first puffs the emissions the into their oral cavity,
there may then be pause where they would hold their breath (the emissions stays in the
oral cavity and upper airway), followed by an inhale of clean air that mixes with the
emissions and pushes the mixture down into the lungs. One key difference between
these two behaviors in terms of emissions ingestion is that with DTL, the concentration
of emissions in the volume inhaled is potentially substantially higher than the concentration of emissions in the volume of emissions-clean air mixture inhaled during MTL.
Due to the size of the oral cavity, the amount of emissions that can be puffed at a time
during the first phase of MTL is limited. However in DTL, the limit of the amount
of emissions that can be inhaled in one puff is limited by the size of the lungs which
is larger than the oral cavity. The difference between MTL and DTL and the reasons
behind both have been discussed in the literature [21, 60, 13, 43].

In order to attempt to identify the MTL and DTL behaviors in tobacco users in their
natural usage environment, the wPUM™ monitor and the Hexoskin can be leveraged.
While the user is puffing through the monitor with their tobacco product attached, the
time onset and the volume of each puff are captured. Using this information and the
respiratory volume waveform from the Hexoskin it may be possible to distinguish between the two behaviors. In DTL, it is expected that there would be an inhale that is
coincidental with a puff and both the puff and the inhale would have similar volumes.
In MTL, it is expected that there would be a smaller chest motion during the puffing
phase followed by a large inhale. This inhale, which is when the emissions-clean air
mixture is ingested, would necessarily have a larger volume than the puff.
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8.2. Specific Aims
In this chapter, some mathematical parameters that can be calculated from specific respiratory and puffing topography parameters for use in attempting to distinguish between MTL and DTL are proposed.

8.2

Specific Aims

Aim 5 - Investigate Feasibility of Identifying Parameters to Characterize Mouth to
Lung (MTL) and Direct to Lung (DTL) User Behaviors
Aim 5.1 - Propose parameters that can be used to distinguish between different respiratory patterns (e.g. MTL vs DTL)
Aim 5.2 - Propose metrics for separating users into MTL and DTL groups based on
parameters from Aim 5.1
Aim 5.3 - Test the feasibility of quantifying the parameters from Aim 5.1 with the WRM
and wPUM™ monitors under well-controlled conditions
Aim 5.4 - Apply the parameters from Aim 5.1 and the metrics from Aim 5.2 to human
subject data

8.3

Aim 5.1 - Proposed parameters

To distinguish between the different tobacco use behavior patterns, two dimensionless
parameters were proposed: γ and ϕs . γ is the ratio of the volume of a puff to its associated inhalation volume (Equation (8.1)):

γ=

Vp
Vin
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Where:

Vp is the volume of the puff in [mL]
Vin is the volume of the associated inhale in [mL]

ϕs is the ratio of the difference between a puff’s and its associated inhalation’s start
times to the puff’s duration (Equation (8.2)):

ϕs =

Tin,s − Tp,s
dp

(8.2)

Where:

Tp,s is the start time of the puff
Tin,s is the start time of the associated inhale
d p is the puff duration [s]

8.4

Aim 5.2 - Proposed metrics

In the case of MTL, the numerical value of γ will be less than 1 since the puff volume
(Vp ) is smaller than the inhalation volume (Vin ). Additionally, the numerical value of ϕs
will be greater than or equal to 1 since the inhalation either starts immediately or after
a period of holding the emissions in the oral cavity after the puff is taken. The idealized
MTL behavior pattern is visually represented in Figure 8.1a.
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( A ) Mouth-to-Lung (MTL)

( B ) Direct-to-Lung (DTL)

F IGURE 8.1: Ideal representations of the “mouth-to-lung” (MTL) and the
“direct-to-lung” (DTL). The black-dashed line represents the puff volume
waveform measured using a topography monitor (i.e. wPUM™ monitor). The red line represents respiratory volume waveform of the puff
associated respiratory cycle as measured using a WRM (i.e. Hexoskin).
The figures are also annotated with specific puffing (Vp , Tp,s , and d p ) and
inhalation (Vin , Tin,s ) parameters that will be used to calculate the proposed parameters, γ and ϕs , for distinguishing between DTL and MTL

In the case of DTL, γ will be 1 since the puff volume will be identical to the inhalation
volume. Additionally, ϕ will be 0 since the puff and the inhalation starts at the same
time. The idealized DTL behavior pattern is visually represented in Figure 8.1b.

The proposed metrics for each parameter for MTL and DTL are summarized in Table 8.1.
TABLE 8.1: Proposed parameters (γ and ϕs ) for quantifying and distinguishing between MTL and DTL. These parameters and their expected
values may be revised based on data collected from actual tobacco users

Pattern

γ

ϕs

MTL

<< 1

≥1

DTL

1

0
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8.5
8.5.1

Aim 5.3 - Test feasibility of proposed parameters
Investigating feasibility of using proposed parameters for distinguishing between MTL and DTL under controlled settings

The objective of this investigation is to determine if the proposed parameters, γ and
ϕs , can be used to distinguish between mouth-to-lung (MTL) and direct-to-lung (DTL)
tobacco usage behaviors in a controlled setting. The specifics of each of these parameters, including how they are calculated and how they can be used to distinguish MTL
and DTL behaviors are presented in Section 8.3. While analysing the results, another
parameter (ϕe ) was introduced that appears to also be a good candidate.

8.5.2

Research questions

1. Can the parameters γ and ϕs be used to distinguish MTL and DTL tobacco use
behavior in a controlled setting and what are the recommended adjustments to
the proposed metrics for each parameter?
2. Are there any other parameters that may also be used based on the data obtained?

8.5.3

Data collection procedure

The following steps describe the procedure used to collect one trial of data needed for
this investigation:

1. Connected the Hexoskin datalogger and the calibration instrument to the computer
2. With the Hexoskin shirt worn, connected the datalogger to the shirt
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3. Performed a calibration trial using the spirometer and cylindrical mouthpiece
(Section 5.3.2.1) and used the established calibration breathing maneuver
4. Performed a time synchronization trial (Section 6.3) using the established time
synchronization breathing maneuver
5. Performed 31 puffs (either MTL or DTL depending on the condition of the trial)
at an approximately 20 second puff period with a nose-clip on the entire duration
6. Performed another time synchronization trial using the established time synchronization breathing maneuver
7. Disconnected datalogger and connected to computer to offload data

The MTL condition consists of taking a puff and immediately following up with a deep
inhale and exhale. The DTL condition consists of taking a puff directly into the lungs
(i.e. puff and inhale are concurrent) and followed by an exhale. The puffs were taken
through a wPUM™ monitor and the Hexoskin shirt was worn throughout. Time synchronization was performed on the data from the two devices, using the algorithm described in Section 7.8, to allow for comparison of the data on a unified time base. Four
repeated trials were conducted per condition, for a total of eight trials across both MTL
and DTL conditions.

8.5.4

Results and discussions

Figure 8.2 shows the difference between the predicted and measured MTL and DTL
behavior. The key difference seen is the relative difference between the puff start time
and inhale start time in the MTL case. In the prediction, the inhale clearly starts after
the end of the puff but in reality it can be seen that there is some chest motion during
puffing. The measured DTL case appear to be close to the prediction.
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F IGURE 8.2: Comparison between the predicted MTL and DTL puffing
and respiratory profiles. The predicted profiles are based on the expectation of the idealized behaviors. The measured profiles are from an exemplar set of actual observed puff volume and calibrated Hexoskin respiratory volume waveforms

8.5.4.1

Results related to parameter γ

Figure 8.3 shows the distribution of the calculated γ values for all the puffs in the MTL
and DTL cases.
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F IGURE 8.3: Scatter plot of puff volume [mL], inhale volume [mL], and
the measured γ parameter for each puff (N=124) conducted across all
four trials of the MTL and DTL conditions

These γ values are compared in Figure 8.4, showing a clear distinction.
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F IGURE 8.4: Box plot comparison between the measured γ parameters
of the MTL condition and the DTL condition

Figure 8.5 shows the two ranges of values for γ (±3 standard deviations of the mean)
that were created to distinguish between DTL and MTL. The reasons for the outliers are
explained in Section 8.5.4.4.
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F IGURE 8.5: Scatter plot of γ for MTL (blue) and DTL (red). The blue and
red areas show the range that encompasses three standard deviations
from the mean in both directions of the γ parameter for MTL and DTL,
respectively. These ranges are the proposed metrics for distinguishing
between MTL and DTL based on this set of data

8.5.4.2

Results related to parameter ϕs

Figure 8.6 shows the distribution of the calculated ϕs values for all the puffs in the MTL
and DTL cases.
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F IGURE 8.6: Scatter plot of inhale start time - puff start time [s], puff
duration [s], and the measured ϕs parameter for each puff (N=124) conducted across all four trials of the MTL and DTL conditions

These ϕs values are compared in Figure 8.7, showing no clear distinction.
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F IGURE 8.7: Box plot comparison between the measured ϕs parameters
of the MTL condition and the DTL condition

Figure 8.8 shows the distribution of ϕs in both MTL and DTL cases overlaid on each
other. There is no clear way to distinguish between MTL and DTL using this parameter.
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F IGURE 8.8: Scatter plot of ϕs for MTL (blue) and DTL (red).

8.5.4.3

Results related to parameter ϕe

Figure 8.9 shows the distribution of the calculated ϕe values for all the puffs in the MTL
and DTL cases.
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F IGURE 8.9: Scatter plot of absolute difference between inhale start time
and puff end time [s], puff duration [s], and the measured ϕe parameter
for each puff (N=124) conducted across all four trials of the MTL and
DTL conditions

These ϕe values are compared in Figure 8.10, once again showing a clear distinction,
like in the case of the γ parameter.
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F IGURE 8.10: Box plot comparison between the measured ϕe parameters
of the MTL condition and the DTL condition

Figure 8.11 shows the two ranges of values for ϕe (±3 standard deviations of the mean)
that were created to distinguish between DTL and MTL. The reasons for the outliers are
explained in Section 8.5.4.4.
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F IGURE 8.11: Scatter plot of ϕe for MTL (blue) and DTL (red). The blue
and red areas show the range that encompasses three standard deviations
from the mean in both directions of the ϕe parameter for MTL and DTL,
respectively. These ranges are the proposed metrics for distinguishing
between MTL and DTL based on this set of data

8.5.4.4

Examples of outliers

It is observed that one of the primary causes for the outliers is due to PAR finding
algorithm picking the “incorrect” cycle as the PAR cycle. For example, in the right panel
of Figure 8.12, the algorithm picked the smaller volume cycle (encircled in purple) that
coincides with the puff and classified it as a DTL PAR. Whereas in reality, this was
a MTL behavior and the algorithm should have picked the proceeding larger volume
cycle as PAR.
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F IGURE 8.12: Comparison of the exemplar typical and outlier MTL condition

Figure 8.13 shows a different scenario under the DTL condition where the calculated
γ would be an outlier. This is due to the inhale volume being much larger than the
puff volume. During DTL, it is expected that the inhale volume would be similar if not
exactly the same as the puff volume. The cause for this discrepancy is currently not
established.

F IGURE 8.13: Comparison of the exemplar typical and outlier DTL condition
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8.5.4.5

Comparison between parameters

It can be seen that both the γ (Figure 8.4) and ϕe (Figure 8.10) parameters show distinct differences between the MTL and DTL behaviors. The distinction between the γ
parameter associated with MTL and DTL is clearer than the distinction between the ϕe
parameter. There appears to be large variability in the ϕe parameter in the case of MTL.
However, there is almost no overlap between the cluster of ϕe parameters for MTL and
DTL. Surprisingly, the ϕs parameter did not produce any distinctive separation between
MTL and DTL despite the expectation that this parameter would show a clear difference. On further inspection it was observed that the cause for this is because during
MTL puffing, the chest motion is not insignificant as was expected1 . In MTL, it was
predicted that there would be no chest motion while the user is puffing through their
tobacco product, filling only the oral cavity, prior to inhaling the emissions and clean
air mixture into the lungs. In reality, it is observed that there appears to be some chest
motion prior to the inhale. This is illustrated in Figure 8.2. The left panel shows the
predicted behavior while the right panel shows and example of the actual observed behavior. Two possible explanations for the small rise in volume prior to a deeper inhale
in the case of MTL are presented here: 1) The apparent increase in lung volume is due
to chest motion while the user is puffing. Although the volume being puffed into the
oral cavity is not immediately entering the lungs, some chest motion may be happening to facilitate the suction of air into the mouth, in addition to the work done by cheek
muscles. 2) The increase in lung volume may be due to inhale of air through the nose
and into the lungs during puffing. In the future, some tests can be carried out to shed
light on exactly what is happening, for example by performing MTL while wearing a
nose-clip.
1 The implication on ϕ is that the metric of ϕ ≥ 1 in the case of MTL assumed that there is no lung
s
s
volume motion during puffing and therefore inhale will always start after the puff. However, since there
is a small increase in lung volume during the puff, ϕs would be close to 0 for both MTL and DTL
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Table 8.2 summarizes the predicted metrics and the mean values from the actually observed parameters. It is seen that the measured γ parameter corresponds closely with
the predicted metric but ϕs does not. In the future, an investigation should be conducted
to assess how well these parameters apply for real tobacco users.
TABLE 8.2: Summary of predicted metrics and the measured parameter
values for distinguishing between MTL and DTL

Pattern

Predicted Metric

Mean Measured Value

MTL

<< 1

0.13

DTL

1

0.96

MTL

≥1

-0.60

DTL

0

-0.38

γ

ϕs

ϕe

8.5.4.6

MTL

1.14

DTL

0.06

Hybrid pattern

Another possible pattern that was not investigated is when |ϕs | is between 0 and 1. This
pattern is dubbed the “hybrid” pattern and is indicative of the user puffing while inhaling with the inhale starting before (−1 < ϕs < 0) or after (0 < ϕs < 1) the start of
puffing. This pattern has not been shown in the literature but it is a possibility based on
the definition of ϕs . The exact relationship between γ and the hybrid pattern has yet to
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be determined but it is suspected to be similar to that of DTL. One possible representation of the hybrid pattern is shown in Figure 8.14.

F IGURE 8.14: Ideal representations of the “hybrid” puffing and respiratory behavior patterns. The black-dashed line represents volume as a
function of time of a puff as measured using a topography monitor (i.e.
wPUM™ monitor). The red line represents volume as a function of time
of the inhale associated with the puff as measured using a wearable respiratory monitor (i.e. Hexoskin). The figures is also annotated with specific
puffing (Vp , Tp,s , and d p ) and inhalation (Vin , Tin,s ) parameters that may
be used to calculate the proposed parameters (γ and ϕs ) for distinguishing between the different behavior patterns

8.5.5

Limitations

The data for this investigation is collected under a controlled setting and on a person
with no experience with tobacco use. The DTL and MTL behaviors performed were
based on the conceptual definition of the behaviors and are not influenced by real factors such as the back pressure of the tobacco product, the emissions volume, flavor, and
harshness, and other factors that typically influence the choice of puffing and inhalation behavior. This may impact the applicability of these parameters and their metrics
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for distinguishing the behaviors of interest in the natural environment for real tobacco
users.

Additionally, the underlying assumption is that there are only two behaviors (MTL and
DTL), but in reality there may be other distinct behaviors or hybrid behaviors of the
two. These parameters may not be able to distinguish between those behaviors.

8.5.6

Future work

Identify other potential parameters that could be used to distinguish between MTL and
DTL. Assess methods other than using the standard deviation to classify MTL and DTL
based on these parameters, such as k-means clustering.

8.5.7

Conclusions

Of the three parameters proposed, γ and ϕe may be suitable for distinguishing between
MTL and DTL behavior, whereas the ϕs parameter may not be. Since these parameters were tested under a controlled setting and the data was collected by a single nontobacco user, they may not necessarily work in all settings or across participants. Therefore, further testing must be done to determine the efficacy of using these parameters
for distinguishing between MTL and DTL behavior of tobacco users in the natural environment.
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8.6
8.6.1

Aim 5.4 - Apply parameters to human subject data
Investigating feasibility of using proposed parameters for distinguishing between MTL and DTL on tobacco users in the natural environment

The two key limitations of the investigation (Section 8.5.1) is that it was conducted under a controlled setting and that the behaviors were produced by non tobacco user. The
next step is to investigate if the proposed parameters and the metrics would be suitable for distinguishing behaviors of tobacco users using data collected in the natural
environment.

Additionally, one of the primary goals of this dissertation is to be able to report the puff
associated respiration (PAR) for each puff. That is, being able to pick out the respiratory
cycle wherein the emissions from the puff is inhaled and then exhaled. The assumption
currently is that there is only one PAR for each puff. In this investigation, a manual
process and an automated process for accomplishing this task are described.

8.6.2

Research questions

1. Can the proposed parameters and metrics be used to distinguish MTL and DTL
behaviors in data obtained from tobacco users in the natural environment?
2. What are the recommended adjustments, if any, to the proposed metrics for each
parameter?
3. Are there any other parameters that may also be used based on the data obtained?
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8.6.3

Methods

The underlying data used for this investigation was taken from the first wave of participants in a currently ongoing study conducted by the RTL. This is a 17-day natural
environment observation study. Participants are recruited from the RIT community via
mass emails. Interested persons must first complete an online pre-screening survey
and then make an appointment, assuming they are found to be eligible based on the
inclusion and exclusion criteria. At the first appointment, the final eligibility of the participant is confirmed and they are provided with the informed consent form. They are
then presented with the wPUM™ and the Hexoskin monitors and instructed on how to
use them. They then perform the WRM calibration and the wPUM-Hexoskin time synchronization breathing maneuvers. They are then provided with a JUUL and tobacco
flavored JUUL pods with the same nicotine content as what they typically use. They
are instructed to use the provided JUUL and pods ad-lib on the second day while using
the monitors. On the third day, they return the monitors and any unused JUUL pods.
The calibration and the time synchronization are performed. They are then provided
with the intervention JUUL pods, of either the same nicotine content (control group)
or a lowered nicotine content. They are instructed to use the provided JUUL pods for
the next 11 days before returning once again on the fifteenth day of the study. On this
day they are provided with the monitors once again and the calibration and the time
synchronization breathing maneuvers are performed. On the next day, they are once
again instructed to use the provided JUUL and pods ad-lib while using the monitors.
On the last day of the study, the last set of calibrations and time synchronization are performed and the monitors and remaining tobacco products are returned. The participant
is provided with the incentives according to the protocol items they completed.

The data presented here have already gone through the analysis steps 1 to 6 as described
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in Chapter 7. This investigation is primarily about results of step 7: The PAR pattern
classification. The analysis process involves three steps. In step 1, the PAR cycles were
manually identified (using the manual method described in Section 7.9.2) and classified
as either DTL, MTL, or other. In step 2, TAP’s PAR classification algorithm (using the
automated method described in Section 7.9.1) applies the pre-programmed metrics and
produces the classifications for each PAR cycle. Finally, the results of the manual process
(step 1) and the automated process (step 2) are compared.

8.6.4

Results and discussions

A total of 1129 puffs were collected by the 7 participants. Of these, a total of 990 PAR cycles were manually identified. The missing PAR cycles belong to puffs were taken while
the shirt was not worn. The percentage distribution of the PAR pattern classifications
from both the manual and automated (TAP) process are shown in Figure 8.15.
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F IGURE 8.15: Percentage distribution of the PAR classification. The top
panel is the result of the manual PAR identification process and the bottom panel is the result of the automated PAR identification process

As the data was analyzed, it was observed that there were other recurring behaviors
other than MTL and DTL that were present in the data. These behaviors are for now
simply denoted as A1, A2, and A3. Behavior A1 is when the puff starts after the end of
the inhale of a previous respiratory cycle and extends until before the end of the inhale
of the next cycle (see Figure 8.16a for example). Behavior A2 is when the puff spans
two or more respiratory cycles (see Figure 8.16b for example). Behavior A3 is when the
puff spans an entire respiratory cycle, from the beginning of the inhale to the end of
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the exhale (see Figure 8.16c for example). These behaviors may indicate novel tobacco
use behaviors or artifacts of poor data quality. In the future, an investigation should be
conducted to determine the cause of these behavior. For now they are included in this
investigation as potentially new behaviors.
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( A ) A1

( B ) A2

( C ) A3

F IGURE 8.16: Exemplar A1, A2, 218
and A3 puff and inhalation patterns
from OS7 wave 1 data

8.6. Aim 5.4 - Apply parameters to human subject data
Figure 8.15 show that the algorithm has a bias towards erroneously classifying MTL as
DTL, as can be seen in the case of OS7-02 and OS7-10. The manual identification results
for these participants suggest that they predominately perform the MTL pattern. The
results from the automated process, however, would suggest that OS7-02 preferred the
DTL pattern and that OS7-10 is both a DTL and MTL user. Additionally, the algorithm
also appears to have a tendency to under-identify the DTL pattern in the predominantly
DTL users (all but OS7-02 and OS7-10) and over-identify MTL in the same participants.

Presently, the algorithm is only able to pick out MTL and DTL patterns. All other patterns are just considered as “Unclassified”. Therefore, this category may in reality also
include the A1, A2, and A3 patterns as well. As such, the comparison between the manual and automated process cannot be done for these patterns. However, these patterns
only constitute a small percentage of the total PAR cycles.

Figure 8.17 shows the comparison of the PAR volume distribution between the manual
and TAP process. The volumes correspond to the volumes of the PAR cycles as determined by the manual process versus the automated process. The underlying data is
the same and this is simply a comparison of the results of the two PAR determination
methods. The figure shows that for some participants, the apparent difference in the
outcome of the two methods is minor (e.g. in OS7-01 and OS7-06) whereas in some
cases the difference is larger (e.g. in OS7-02 and OS7-10). This figure effectively shows
the impact of the misclassifications made by the automated process on the PAR volume (which is one of the key outcome measures of this dissertation and OS7). It can
be seen that the biggest difference is due to the algorithm making the most amount of
misclassifications (as seen in Figure 8.15)
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F IGURE 8.17: Comparison of the PAR inhalation volumes obtained from
the manual and the automated processes

8.6.5

Conclusions

The algorithm in the current state is very limited and not very effective at identifying
PAR without significant modifications. The algorithm presently only uses simple comparisons of puff and inhale volume, duration, start and end times, which is the logic of
the γ, ϕs , and ϕe parameters. In the future, the algorithm may be improved by incorporating machine learning logic that also accounted for the shape (transient behavior)
of the volume waveforms. Thie approach would be more robust than the current approach of simply using the γ, ϕs , and ϕe parameters. The machine learning algorithm
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may use the manually identified PAR done as part of this investigation as the training
dataset.
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9 Aim 6: Characterize Flow Path
Parameters for Tobacco Products
Relative to Typical Respiratory
Function Related to Use of Inhaled
Tobacco Products

9.1

Introduction

In this chapter, two physiological parameters, “Maximal Inhalation Pressure” (MIP)
and “Maximal Puffing Pressure” (MPP), that may influence the puffing and respiratory
behavior of tobacco users are introduced. Additionally, three specific tobacco product
characteristics: flow path resistance, nicotine level, and e-liquid flavor and how they
may impact usage behavior are discussed.
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9.2

Specific Aims

Aim 6 - Characterize Flow Path Parameters for Tobacco Products Relative to Typical
Respiratory Function Related to Use of Inhaled Tobacco Products
Aim 6.1 - Assess flow path parameters (pressure as a function of flow rate, or other) for
a range of tobacco products and develop potential flow path classifications
Aim 6.2 - Assess respiratory function (max puffing pressure, max inhalation pressure)
representative of typical tobacco product behavior and develop potential participant classifications
Aim 6.3 - Assess sensation characteristics (hard throat hit, heavy nicotine hit) for a
range of tobacco products and develop potential e-liquid classifications

9.3

Aim4.1 - Flow path resistance

The highest flow rate that can be drawn though a particular tobacco product depends on
both the user’s physiology and the flow path resistance of the product. This relationship
is investigated in Section 9.4. Furthermore, the puffing and inhalation patterns (i.e.
MTL and DTL) of a user of inhaled tobacco product is potentially dependent on the
flow path resistance of the product as well. Products with lower flow resistance, such
as pen-styles and pod-styles, facilitate higher flow rate puffs. Conversely, higher flow
resistance products, such as combustible cigarettes and cig-a-likes, limit users to lower
flow rate puffs.

An investigation was conducted to characterize the relationship between the puff flow
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rate through a tobacco product and the consequently induced pressure drop, indicative of its flow path resistance. The tobacco products tested included a combustible
cigarette, a hookah, and some ecigs of different types, ranging from ciga-a-likes to podstyles. The investigation was conducted using the RTL’s PES™ system (Appendix C),
using the profile shown in Figure 9.1. The inlet end of the product was exposed to atmosphere while the outlet end (mouthpiece) was connected to the PES™ system. During
each trial, the PES™ system continuously measured the gauge pressure at the mouthpiece of the tobacco product as it was being puffed. The pressure drop across the product is calculated by subtracting the gauge pressure from the atmospheric pressure. The
data collected is plotted on Figure 9.3.

F IGURE 9.1: PES™ system command flow rate profile used for generating 5 [s] puffs of flow rates from 15 [mL/s] to 100 [mL/s] in increments of
5 [mL/s]. This profile was used in investigating the relationship between
flow rate and pressure drop across a number of inhaled tobacco products

The values on the y-axis of Figure 9.3 correspond to the pressure drop across the tobacco product (in [kPa]). Each data point on the scatter plot corresponds to the mean
of the middle 80% of flow rate and pressure measurement samples of each puff. The
error bounds are the 95% confidence intervals. A second-order polynomial fit was used
to model the data. Note that for some of the products tested, such as the combustible
225

Chapter 9. Aim 6: Characterize Flow Path Parameters for Tobacco Products Relative
to Typical Respiratory Function Related to Use of Inhaled Tobacco Products
cigarette and the blu® disposable ecig, the PES™ system was not able to achieve the
higher commanded flow rates because the product flow resistance was too high. The
slope of the polynomial model is indicative of the flow resistance of the product; products with higher flow resistance have steeper slopes (larger coefficient of x2 ) while products with lower flow resistance have shallower slopes (smaller coefficient of x2 ).

9.4
9.4.1

Aim 6.2 - Respiratory function
Maximal Inhalation Pressure

The maximum vacuum pressure that can be generated in the lungs during an inhale is
known as the Maximal Inhalation Pressure1 (MIP). This is achieved by maximally expanding the thoracic and abdominal cavities and maximally contracting the diaphragm
during breathing. MIP is a parameter of interest because MIP determines the maximum
achievable flow rate that a user can produce through an inhaled tobacco product if they
are performing the DTL behavior.

9.4.2

Maximal Puffing Pressure

In addition to using the lungs and diaphragm movements to generate vacuum, it is also
possible to use the cheek muscles to generate a vacuum in the oral cavity. This is the
suction motion that facilitates drawing liquid through a straw. It is observed (Figure 9.2)
that healthy adult humans can generate a typically higher maximal vacuum pressure
in this manner as compared to using their lungs (MIP; see Section 9.4.1). This pressure
henceforth will be referred to as Maximal Puffing Pressure (MPP). MPP is the largest
vacuum pressure that can be created in the oral cavity and is indicative of the maximum
achievable puffing flow rate.
1 Some

researchers have called this parameter Maximal Inspiratory Pressure [47]
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9.4.3

Measuring MIP and MPP

An investigation was conducted to measure MIP and MPP. MIP is measured by having
the participant inhale air as hard as they can, for roughly 3-5 seconds, into their lungs
through an occluded hose. The occluded end of the hose is fitted with a pressure transducer. The participant is asked to repeat this for at least 4-5 times. MPP is measured in
the same way as MIP, with the only difference being that participants are asked to puff
as hard as they can into their mouth instead of their lungs.

MIP and MPP data was collected on seven tobacco-naive participants. Figure 9.2 shows
an example of the pressure measurement obtained from a single participant. In both
maximal puffing and inhaling, the following dynamic was observed: The participant
draws the highest achievable vacuum, indicated by red dots on the plot, but they would
not be able to maintain that pressure, indicated by the sharp drop following the initial
peak. This suggests that there is a difference between the peak maximal pressure and
the sustained maximal pressure. This dynamic was observed in both MIP and MPP
exercises. For each participant, the mean values of the local maxima (“Peak”) and the
mean of the means (“Sustained”) across all deep puffs (MPP) and deep inhales (MIP)
were calculated and tabulated in Table 9.1.
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(A)

(B)

F IGURE 9.2: Exemplar results of maximal puffing pressure (Figure 9.2a)
and maximal inhalation pressure (Figure 9.2b) from a single participant

It is observed that MPP (Figure 9.2a) is numerically higher than MIP (Figure 9.2b) in
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both peak and sustained maximal pressures. This was found to be true for all participants tested (Table 9.1). This suggests that a higher vacuum can be generated and
sustained in the oral cavity than in the lungs. It is observed also that there is significant
inter-subject variability within both MIP and MPP, indicative of physiological differences across participants. Some participants appear to be able to create higher vacuums
in both their oral cavity and lungs than others.
TABLE 9.1: Results of the maximal inhalation (MIP) and puffing (MPP)
pressure analysis, showing results from in-lab participants (N=7).

Participant

MIP

MPP

N∗ Sustained [kPa]

Peak [kPa]

N∗ Sustained [kPa]

Peak [kPa]

1

7

5.35

7.34

7

6.13

7.88

2

6

5.38

5.89

6

17.77

21.64

3

5

6.01

7.11

6

14.24

18.55

4

3

9.43

10.96

5

18.98

21.68

5

6

5.53

7.51

6

10.38

20.59

6

6

6.07

6.98

7

9.05

11.16

7

6

4.81

5.15

6

14.53

17.87

Cohort Mean

39

6.08

7.28

43

13.01

17.05

1.42

1.70

4.34

5.02

Std. Dev.
∗

number of deep puffs or deep inhales performed by participant

9.4.4

Combining Maximal Physiological Parameters (MIP, MPP) with Tobacco Product Flow Path Resistance

By looking at the flow rate versus pressure drop across each product and the measured
MPP and MIP values, the highest flow rate that can be inhaled (from MIP) or puffed
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(from MPP) and sustained for each product by a user can be inferred. This is shown
in Figure 9.3. From this piece of information the following hypothesis can be formed:
Users of high flow resistance products, such as a cigarette, are more likely to exhibit
MTL behavior, wherein the user puffs the product emissions into their mouth first before inhaling into their lungs. The reason for this two step process is because the device
flow resistance is too high to draw and sustain the smoke or vapor directly into the
lungs. Conversely, users of low flow resistance products, such as the hookah, are more
likely to exhibit the DTL behavior, wherein the user puffs and inhales the emissions simultaneously into their lungs. This is only achievable in low flow resistance products.
This hypothesis is the premise for the study described in Chapter 10. The methods for
identification of DTL and MTL using the wPUM™ and the Hexoskin are discussed in
Section 7.9.

F IGURE 9.3: Comparison of flow resistance characteristics of a number
inhaled tobacco products and the maximal inhalation and puffing pressures (MIP and MPP). By machine puffing at varying puff flow rates
across each product and measuring the resultant differential pressure
across the product, the flow resistance characteristic is obtained as the
slope of differential pressure versus flow rate
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9.5

Aim 6.3 - Sensation characteristics

One possible driving force behind changes in respiratory behaviors as a function of
flavor may be based on taste preference. This is a subjective measure and it is unclear
at this time if there would be any generalizable trend in the population. For example, it
is a possibility that users of menthol flavored e-liquids, on average, hold the emissions
in their lungs for a longer duration than those that use tobacco flavored e-liquids due
to the pleasant sensation associated with the menthol flavor.

Another factor related to e-liquid composition that may impact the tobacco use behavior is the amount and ratio of vegetable glycerine (VG) and propylene glycol (PG) in
the e-liquid. An aspect associated with ecig use is the “feel” of throat-hit; some e-liquid
flavors have been described as being “milder” (e.g. menthol) or “harsher” (e.g. tobacco)
than others. Aside from subjective reasons, it is hypothesized that there may be a link
between e-liquid composition (e.g. VG and PG ratio) and the “harshness” of the emissions. It is conceivable that the harshness of the emissions will influence the vaping
behavior of the user, therefore, it may be possible to correlate the PG/VG ratio to some
significant respiratory parameter, such as breath-hold duration.

Due to the “Protecting American Lungs and Reversing the Youth Tobacco Epidemic”
Act of 2020 [19] banning the sale and distribution of flavored tobacco products, it is no
longer possible to test the effect of tobacco product flavor on puffing and respiratory
behavior, however it may still be possible to investigate the effect of the PG/VG ratio
in a future study.
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9.6

Summary

This chapter introduced two respiratory physiological parameters of interest, MIP and
MPP. It is believed that these parameters determine the upper limit of inhalation and
puff flow rates achievable by a person. This chapter also introduced the notion of tobacco product flow path resistance and its measurement. The relationship between the
physiological parameters and the tobacco product flow path resistance, and their potential impact on puffing and inhalation behavior patterns, was also explored. The discussions in this chapter will help provide the premise for future clinical investigations
(some of which have been outlined in Chapter 10).
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10 Aim 7: Deploy the WRM and
wPUM™ Monitors to Measure
Respiratory Topography of Cigarette
and Hookah Users

10.1

Overview

In this chapter the results of deploying the Hexoskin and wPUM™ monitors to measure respiratory topography of cigarette and hookah users are presented and discussed.
The full details of the study have been published in a peer-reviewed journal [42] and
presented in poster form in [40]. The following sections were reproduced in part, with
some modifications, from the published journal article.
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10.2

Methods

10.2.1

Human Subject Study Protocol

The study protocol consisted of an online participant recruitment and pre-screening
survey prior to the intake meeting, a final screening and verification of eligibility according to the Inclusion/Exclusion Criteria during the intake meeting, the review and
signing of the informed consent form, the deployment of the WRM for a 3-day observation period with an in-lab WRM calibration on each observation day, an exit questionnaire assessing the acceptability of the monitor and the study protocol, and finally the
incentives. The study protocol was reviewed and approved by the Rochester Institute
of Technology (RIT) Human Subjects Research Office Institutional Review Board (IRB).

Cigarette and hookah users were recruited from the RIT community via mass email
and flyers between July 2019 to March 2020, when the study was halted due to the
COVID-19 pandemic. We complied with the change in legal smoking age from 18 to 21
on 20th of December 2019 due to the “Tobacco 21” legislation16. The Exclusion Criteria
excluded the following participants from being eligible: those with underlying cardiovascular and pulmonary diseases, pregnant women, or women intending to become
pregnant.

The observation period spanned three days. On the first day, prospective participants
were invited to the laboratory for a final eligibility screening and were enrolled once
they reviewed and signed the informed consent form. Enrolled participants were provided with the WRM along with instructions on how to use it. The participants were
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informed that they must wear the WRM whenever they are using the tobacco product type they were enrolled to use and were not required to wear the WRM when not
smoking. The participants were also provided with a daily study log to self-report their
use behaviour and compliance to the study protocol. At the end of the intake meeting,
a WRM calibration was conducted on the participant and then they were allowed to
leave and use their tobacco product freely. On the second day, the participants returned
to the laboratory at a pre-scheduled time for another WRM calibration. The participants
were free to use their desired product prior to and after the scheduled meeting. On the
third day, the participants returned to the laboratory and performed a final calibration.
The participants were asked about the acceptability of the WRM and the study protocol in a structured interview. Finally, participants were provided a $25 incentive upon
successful completion of the study protocol. Participants who dropped out of the study
prematurely were provided with a $5 incentive

10.2.2

Assessing Compliance and Acceptability

A daily paper study log was given to each participant that allowed them to self-report
their product use during the study. The participant was instructed to report the number
of cigarettes or hookah sessions they had each day along with the number of times they
used their assigned product without wearing the WRM. By using this information, the
participant’s compliance was assessed. The study log also allowed the participant to
track whether they charged the WRM daily, which is necessary to prevent loss of data
from the WRM discharging fully the following day.

During the exit appointment, each participant was given a questionnaire that assessed
the acceptability of the study and the WRM. The questionnaire was administered as an
interview, with the research administrator asking the questions and noting down the
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verbal responses from the participant.

10.3

Results

10.3.1

Study Cohort

A total of 47 individuals started the pre-screening survey (Figure 10.1), of whom 19 did
not complete the survey. Of the 28 individuals who completed the survey, 15 were
found to be ineligible. Reasons for ineligibility included not being above the legal
smoking age or not being a cigarette or hookah user. Of the 13 eligible individuals,
10 responded to the follow up email and scheduled an appointment. All 10 individuals
were confirmed to be eligible during the intake appointment and were enrolled. All
10 enrolled participants were RIT students between the age of 21 and 29, of whom 5
were male and 5 were female. Of these, 3 did not complete the study protocol: 2 were
voluntary dropouts and 1 was dismissed because they were non-compliant. Data from
these 3 participants were not included in the analysis. Of the remaining 7 participants,
4 completed the study as hookah users, 2 as cigarette users, and 1 (PS6-02) completed
the study twice, once as a hookah user and once as a cigarette user. As such, there are
8 sets of data (NH =5 Hookah and NC =3 Cigarette) presented for the waveform results
and respiratory topography results.
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F IGURE 10.1: Participant recruitment, screening, and enrollment flow
chart

10.3.2

Waveform Results

All 8 data sets from 7 participants were analyzed. Each data set included 3 calibration
sessions and at least one session of tobacco use observation in natural environment. All
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hookah participants only had one tobacco use session, but all cigarette participants had
more than one. A session is defined as the time from when the Hexoskin datalogger is
plugged in to the shirt until it is detached.

Exemplar TC and AB waveforms for participant PS6-11 are shown in Figure 10.2 for
a single minute of one hookah session captured in the natural environment. As can
be seen in the figure, the V̂ waveform captured a mix of normal breaths (volumes of
around 500 [mL]), deep breaths (volumes of around 1000 [mL] and greater), and breathholds.
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F IGURE 10.2: Exemplar uncalibrated TC and AB waveforms from a 1minute subsection of a hookah session observed in the natural environment. The V̂ waveform is calculated from the TC and AB wave-forms
using the KTC and K AB values obtained using the centroid method
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10.3.3

Respiratory Topography

The computed respiration topography data of the 5 hookah data sets and 3 cigarette
data sets are reported in Table 10.1. A total of 4,733 breathing cycles were observed
across all participants, of which 232 were from cigarette smokers and 4,501 were from
hookah smokers. The number of breathing cycles from cigarette smokers make up
around 5% of the total data. The low number of breathing cycles observed from cigarette
smokers com-pared to hookah smokers is a direct consequence of the study protocol
that only required participants to wear the shirts during tobacco use. Since cigarette
sessions are in the order of minutes and a hookah session is in an order of hours, the total breaths observed from cigarette users are much less than that from hookah smokers.
There are also more hookah data sets than there are cigarette data sets.
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Figure 10.3 shows exemplar descriptive statistics collected for participant PS6-04. The
histograms in Figure 10.3 show 3 characteristics: 1) The inhalation and exhalation volume distributions (Figure 10.3a) are overlapping, indicating that there is conservation
of mass across the spectrum of breaths observed, which is in contrast to 2) The duration (Figure 10.3b) and the flow rate distributions (Figure 10.3c) both show a distinct
but consistent bias between inhalation and exhalation, with inhales being shorter and
sharper and exhales being longer and more relaxed. 3) The volume distribution (Figure 10.3a) is right-skewed, with the mode (of around 200 [mL]) smaller than the mean
(of around 300 [mL]), which is indicative of higher frequency of smaller volume breaths
than deeper breaths. The duration and the flow rate distributions also appear to be
right skewed but this behavior is not seen consistently across all participants.
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PS6-10

PS6-06

PS6-04

PS6-02-1

Participant

Hookah

Hookah

Hookah

Hookah

Hookah

Product Type

477

2009

381

1229

405

Cycle Count

733 (375)

307 (213)

756 (373)

672 (358)

223 (157)

Inhale Volume [mL]

729 (376)

308 (213)

761 (362)

675 (356)

223 (155)

Exhale Volume [mL]

739 (399)

270 (180)

775 (476)

690 (371)

194 (137)

Inhale Flow Rate [mL/s]

606 (400)

210 (168)

607 (391)

558 (328)

140 (121)

Exhale Flow Rate [mL/s]

1.06 (0.45)

1.21 (0.46)

1.11 (0.5)

1.01 (0.37)

1.24 (0.54)

Inhale Duration [s]

1.44 (0.82)

1.76 (0.81)

1.54 (0.89)

1.32 (0.59)

1.88 (0.93)

Exhale Duration [s]

2.59 (1)

2.5 (1.04)

2.98 (1.03)

2.65 (1.11)

2.33 (0.77)

3.12 (1.21)

Cycle Duration [s]

TABLE 10.1: Summary of respiratory topography results by participant. All topography values correspond to
the mean and the standard deviation values are provide in brackets

PS6-11

3.41 (1.13)

2.4 (1.08)

1.46 (0.69)

2.72 (0.33)

2.94 (1.26)

1.13 (0.49)

1.81 (1.08)

2.98 (0.41)

1.01 (0.26)

1.59 (0.23)

2.74 (1.04)

269 (199)

1.13 (0.57)

1.89 (0.47)

526 (306)

1.13 (0.1)

1.61 (0.82)

496 (207)

752 (652)

1.09 (0.07)

657 (345)

424 (229)

1.13 (0.46)

670 (304)

1020 (731)

516 (242)

516 (265)

534 (278)

381 (339)

493 (218)

883 (374)

724 (269)

665 (319)

539 (254)

482 (388)

61

907 (397)

690 (184)

109

538 (253)

494 (357)

Cigarette

62

689 (208)

Cigarette
Cigarette
NH=5

492 (358)

PS6-08

Hookah Group Mean

4733

NC=3

PS6-02-2

PS6-09

Grand Mean

Cigarette Group Mean
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(A)

(B)

(C)

(D)

(E)

(F)

F IGURE 10.3: Exemplar respiration topography results from a participant (PS6-04, 1229 breathing cycles ob-served). Top row - Distribution
of inhalation and exhalation a) volumes, b) durations, and c) flow rates.
Bottom row – Breath-by-breath comparison of inhalation to exhalation d)
volumes, e) durations, and f) flow rates.

The grand mean of the ratio between the inhale volume to the corresponding exhale volume within a breath across all breaths captured across all participants is 1.04. A volume
ratio close to 1 is indicative of the mass conservation on a breath-by-breath basis. This
is visually illustrated by the scatter points clustering around the 1-to-1 line in the scatter
plot of inhalation versus exhalation volume in Figure 10.3d. To satisfy the conservation
of mass, the inhale volume should be the same as the exhale volume. However, there
is some potential for variability in small time windows, e.g.. on a breath-by-breath basis, due to the variability in breathing behavior and the ability for a person to tap into
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their lung’s reserve capacity. This may explain some of the scatter points that lie farther
away from the 1-to-1 line. It is expected that the conservation of mass should hold over
time, which can be assessed by comparing the cumulative inhale volume to the cumulative ex-hale volume. The ratio of cumulative inhale volume to the cumulative exhale
volume, summed across all participants, is found to be 0.996.

The grand mean of the ratio between the inhale duration to the corresponding exhale
duration within a breath across all breaths captured across all participants is 0.654. This
ratio being smaller than 1 is indicative of the bias towards the exhale being longer than
the inhale. This is visually illustrated by the larger amount of scatter points above the
1-to-1 line in Figure 10.3e.

The grand mean of the ratio between the inhale flow rate to the corresponding exhale
flow rate within a breath across all breaths captured across all participants is 1.32. This
ratio being larger than 1 is indicative of the bias towards sharper inhales than exhales.
Since the flow rate is calculated from the ratio of the volume to the duration, this flow
rate bias is inversely related to the duration bias. This is visually illustrated by the larger
amount of scatter points below the 1-to-1 line in Figure 10.3f.

The consistency between inhale and exhale volumes and the bias between inhale and
exhale durations and flow rates are likewise observed in all participants (Figure 10.4).

Figure 10.4a shows the mean and its 95% confidence interval of inhale and exhale volumes across all participants. The confidence intervals are larger in the cigarette cases
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than the hookah cases due to the smaller number of breathing cycles observed in the
cigarette cases.
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(A)

(B)

(C)

F IGURE 10.4: The mean and its 95% confidence interval a) inhale and
exhale volumes, b) inhale, exhale, and
246 cycle durations, and c) inhale and
exhale flow rates, across all participants. The mean is calculated from all
observed breaths across all sessions and days by that participant. Blue,
red, and black colors denote inhale, exhale, and cycle, respectively. Circular markers indicate hookah participants and square markers indicate
cigarette participants.

10.3. Results
Figure 10.4b shows the mean and its 95% confidence interval of inhale, exhale, and cycle
durations across all participants. In all participants, the mean exhale duration is longer
than the mean inhale duration. In the absence of breath-holding, the cycle duration is
the sum of the inhale and exhale durations.

Figure 10.4c shows the mean and its 95% confidence interval of inhale and exhale flow
rates for all participants. The mean inhale flow rate was higher than the mean exhale
flow rate for every participant. This flow rate bias is consistent with the opposite bias
in inhale and exhale durations.

10.3.4

Compliance and Acceptance of the Monitor

All seven enrolled participants took the exit questionnaire and indicated that the Hexoskin shirt did not change their typical tobacco use behavior. However, one participant
indicated that wearing the shirt made them feel like they were being monitored. Two
participants indicated the shirt was “tight”, while 5 indicated it was either “comfortable” or “fine”. All participants reported wearing the shirt for at least an hour, with two
reporting wearing it for 4-5 hours, and one reported wearing it for the whole day. All
but one participant indicated that they wore the shirt only for the duration of smoking.
All participants connected the datalogger only while they were smoking. All participants indicated that they felt comfortable wearing the shirt in a public setting. Four
participants indicated the requirement to wear the shirt had no impact on their desire
to smoke but the other three indicated it was either slightly discouraging or hard to
remember to put on. All but one participant indicated that the shirt had no effect on
their respiratory effort to puff their tobacco product. One participant indicated that the
shirt had a minor impact on their ability to perform their regular non-smoking activities. When asked for the maximum amount of time they would be willing to wear the
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Hexoskin shirt, 2 participants answered that they would be willing to wear it for less
than 3 hours, 2 participants answered up to 7 hours, and 3 said they would be willing
to wear it for a day or more.

10.4

Discussions

The data presented here are from participant’s smoking session and are comprised of
two predominant underlying behaviors: natural tidal breathing and smoking related
ventilation, i.e. inhalation of tobacco emissions post puffing with potential breathholding prior to exhalation. Although we have not attempted to discriminate between
the two behaviors in this paper, the distribution (Figure 10.3) of larger amounts of sub
1000 [mL] volumes and smaller amounts of volumes greater than 1000 [mL] is indicative of natural tidal breaths and smoking related ventilation, respectively. The ability to
discriminate be-tween the two behaviors is necessary for identifying smoking specific
respiration topography. This is currently a focus of our future development. For this,
we will leverage our wPUM topography monitors to identify the start and end of a puff
relative to the lung volume waveform measured by the WRM. This will help in discriminating the breaths that are associated with smoking from the natural tidal breaths.
Additionally, this will potentially allow us to discriminate between MTL and DTL. The
characterization of these smoking patterns are also topics for future research.

It was observed that in all participants, the mean exhale duration was longer than the
mean inhale duration. This is consistent with the accepted pattern of tidal breathing
in healthy adults. We predict that this phenomenon is also present in smoking related
ventilation cycles, as a mechanism for increasing the nicotine uptake by extending the
smoke retention time. Additionally, changes in the duration of either the inhale or the
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exhale, or the ratio between the two may, also be an effect of compensatory behavior. As
expected from the relationship between the exhale duration and inhale duration and the
consistent volume inhaled and exhaled, the data presented here indicate that the mean
inhale flow rate is higher than the mean exhale flow rate.

The extrema locations in the volume waveform has a strong impact on the respiration
topography since every respiration topography parameter is calculated based on the
location of the extrema that prescribes each breathing cycle. Therefore, the algorithm
used to find these extrema points have an impact, since any misplaced extrema will affect the respiration topography of that breathing cycle and possibly those of the adjacent
breathing cycles. The quality of the data and the nature of the behavior being observed
also has an impact on the algorithm’s ability to obtain respiration topography, including irregularities in the volume waveform that may be a result of behaviours such as
walking, talking, and yawning, or sensor slippage on the body. More work still needs
to be done to assess the sensitivity of respiration topography to these irregularities in
the volume waveform. The current algorithm operates on the volume waveform directly and uses the prominence values of the peaks and troughs of the breathing cycles
to find the extrema, but alternative approaches exists that make use of frequency domain analysis or machine learning. More work must be done and presented to make
a meaningful comparison between methods of obtaining respiration topography from
lung waveform.

The participants’ acceptability of the Hexoskin is key to assessing its viability as a tool
for ambulatory measurement of respiration topography. Prior to the start of the study,
we were concerned that the participants would not be willing to wear the Hexoskin
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shirt for extended periods of time, i.e. to cover the whole day of observation. Therefore, we only required the participant to wear the shirt while they were using their
tobacco product and we expected that the participants would take the shirt off in between sessions. From the exit interview results we can see that the majority did remove
the shirt in between sessions but most indicated that they would be willing to wear it
for extended periods of time. In a future study we intend to recommend the participant
wear the shirt for a full day of observation. Data collected outside of their smoking session will help establish the participant’s baseline tidal breathing behavior and help with
identifying smoking related ventilation. The downside to the requirement to wearing
the shirt of an extended amount of time is that it we would lose the natural indication of
the start and end of a smoking session that came with the participant attaching and detaching the datalogger from the shirt. Another option is for the participant to wear the
shirt throughout the day but detach the datalogger between sessions. The disadvantage
here is that there is a risk that the participant would forget to reattach the datalogger
prior to starting a session, causing the loss of valuable data. Alternatively, we can leverage our wPUM topography monitor to provide the start and end time of each puff, and
the start and end time of each session.

10.5

Conclusions

The thoracic and the abdominal signals were measured using the Hexoskin Smart Garment on 7 participants while they were using their tobacco product. Lung volume
waveforms and respiration topography parameters were obtained using the algorithms
described in Chapter 7. The acceptability of the Hexoskin was assessed, with most participants indicating willingness to wear the shirt for an extended amount of time, allowing for longer periods of observation. This is the first study to demonstrate ambulatory
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measurement of lung volume in the natural environment. The ability to quantify respiration topography, combined with existing techniques of capturing natural environment puffing topography, will lead to a comprehensive objective assessment of tobacco
use behavior.
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11 Conclusions and
Recommendations

11.1

Summary of accomplishments, outcomes, and observations

1. A total of 9 commercially-available WRM monitors were identified and their details and specifications were gathered and tabulated
2. Six key assessment attributes were proposed for determining feasibility of using
a WRM in the natural environment
3. One or more product characteristics were identified for each assessment attribute
4. The results were published in a peer-reviewed journal paper [41]
5. Three WRMs (Hexoskin, Smartex WWS, Equivital EQ-02) were chosen for benchtop testing and the Hexoskin was found to be most suitable for this dissertation
work
6. The Hexoskin, unlike the Smartex WWS and the Equivital EQ-02, measures chest
motion at both the thorax and the abdomen. As such the model by Konno and
Mead [50] could be used without modification
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7. Three instruments (SpiroTube, wPUM, SpiroFacemask) for calibrating the Hexoskin were developed and tested
8. The SpiroTube and SpiroFacemask instruments yielded similar results (in terms
of calibration parameters and impact on ad-lib breathing response) but SpiroFacemask allows for a more comfortable and more natural breathing experience during calibration and therefore is recommended as the primary calibration instrument
9. The wPUM™ as a calibration instrument was found to not be suitable for calibrating the Hexoskin for ad-lib breathing but may be suitable for a specific use-case
scenario (DTL puffing)
10. It is observed that it is difficult to perform the calibration breathing maneuver
while using the wPUM™ as the calibration instrument due to the high back pressure exerted by the monitor. This resulted in poor calibration accuracy. It may
be difficult for study participants to perform the calibration using the wPUM™
monitor
11. A calibration breathing maneuver was developed that is relatively easy to perform, is short (< 1 minute), and provides distinct waveform features that aid in
the data processing and obtaining the calibration parameters
12. Four calibration postures were investigated: (i) sitting relaxed, (ii) sitting straight,
(iii) standing relaxed, and (iv) standing straight. From these, the sitting relaxed
posture was deemed to be the most suitable.
13. Two methods for calculating the calibration parameters (Ktc, Kab) were developed: (i) linear regression and (ii) mean error surface analysis
14. Two methods for consolidating the calibration parameters from repeated calibrations were developed: (i) pick one pair of Ktc and Kab, (ii) mean of Ktc and mean
of Kab
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15. The details of calibration parameter calculation and consolidation methods were
published in a peer-reviewed journal paper [42]
16. Two methods for applying the calibration the parameters to the chest motion
waveforms were developed: (i) apply single pair of calibration parameters to the
whole chest motion waveform and (ii) apply specific calibration pairs to select
portions of the chest motion waveform
17. Algorithms were developed to (i) segment waveform data, (ii) find extrema locations, (iii) perform baseline compensation, (iv) calculate the calibration parameters and apply them to the chest motion waveform to obtain the calibrated respiratory waveform, and (v) calculate respiratory topography parameters from this
waveform
18. The ability for the Hexoskin to measure respiratory volume during ad-lib breathing was validated against the SpiroFacemask as the reference. The results show
that the Hexoskin can measure respiratory volume during ad-lib breathing to a
high degree of accuracy
19. The ability for the Hexoskin to measure respiratory volume during DTL puffing
was validated against the wPUM™ monitor as the reference. The results show
that the Hexoskin can measure respiratory volume during DTL puffing to a limited degree of accuracy and it may be at the lower limit of detection for the Hexoskin
20. The repeatability of the Hexoskin was assessed using data from repeated calibrations (N=66) conducted on a single subject collected over the course of three
years. The results show variability in the calibration parameters but around a

±11% variation in the mean inhalation volume when these calibration parameters were applied to an ad-lib breathing dataset
21. Two dimensionless parameters (γ and ϕs ) that can be calculated from puffing topography parameters (from the wPUM™ monitor) and respiratory topography
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parameters (from the Hexoskin) were proposed to distinguish between MTL and
DTL tobacco use behaviors
22. Metrics (numerical ranges) for each parameter were proposed
23. The proposed metrics and parameters were tested in a controlled setting on a
non-tobacco user. Based on the results, a new parameter (ϕe ) was proposed. Both
gamma and ϕe appear to be suitable for distinguishing between DTL and MTL but
ϕs was not
24. Around a thousand puffs from 7 JUUL ecig users in the natural environment (OS7)
were manually classified as MTL, DTL, or other
25. Using the same data, it was found that the proposed parameters and metrics
yielded poor results compared to the manual classification
26. It was observed that the Hexoskin respiratory waveform and the wPUM™ puff
waveform were out of sync because the inaccuracy of the RTC on each device
27. The discrepancy between the two RTCs was hypothesised to be due to the combined effect of two characteristics: (i) an initial time offset (quantified by parameter τ) and (ii) a linear cumulative time error that manifests as a widening rift
between the two time bases (quantified by parameter ω). The proposed relationship is TwPU M = ω THX + τ
28. An investigation was conducted and it was confirmed that this relationship is true
and that ω is a repeatable characteristic unique to any pair of RTCs.
29. It was found that, as expected, τ is not a repeatable characteristic but rather a
coincidental effect of when one RTC was set (synchronized to a reference time,
i.e. computer) relative to when the other RTC was set. As such the value of τ is
effectively arbitrary (because it cannot be predetermined to a suitable degree of
accuracy) and must be determined each time either one or both RTCs are set
30. A process called “time synchronization” was developed for obtaining ω and τ
from a pair of wPUM™ monitor and Hexoskin datalogger to correct for the time
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discrepancy. A time synchronization breathing maneuver was developed for this
purpose
31. Algorithms were developed to: (vi) perform the time synchronization and obtain
ω and τ from any two waveforms, and (vii) identify PAR cycles and classify them
as MTL, DTL, or other
32. The ability for the wPUM™ and the Hexoskin to be used together to measure
puffing and respiratory topography was validated in an investigation by: (i) successfully performing time synchronization between the two devices, and (ii) identifying all the PAR cycles in the Hexoskin respiratory waveform for each puff
measured by the wPUM
33. An investigation was conducted to assess the accuracy of the time synchronization process, which is considered the primary limiting factor for using the Hexoskin in conjunction with the wPUM. The results show that the time synchronization process, including the breathing maneuver and the algorithms, work perfectly and that there is no time discrepancy at all between the two devices once
the correction has been done.
34. Flow path resistance as a characteristic of inhaled tobacco products was characterized as the relationship between puff flow rate (q) and the resultant pressure
drop (∆p) across the product. Products with higher ∆p for a given q have a higher
flow path resistance
35. The flow path resistance was determined for eight tobacco products including a
combustible cigarette, a hookah, and ecigs of various types. The combustible had
the highest flow path resistance whereas the JUUL ecig had the lowest
36. Two parameters, MIP and MPP, were introduced to quantify the maximum vacuum pressure that a human can produce during inhalation into the lungs and
puffing into the mouth, respectively

257

Chapter 11. Conclusions and Recommendations
37. An investigation was conducted to measure MIP and MPP. In all seven nontobacco users it was observed that MPP was higher than MIP, meaning that it
is easier to puff into the mouth than it is to inhale the same flow rate into the
lungs directly
38. It is believed that MIP and MPP can be used to classify tobacco products as MTLlikely and DTL-likely products; products with high flow path resistance (such as
the combustible cigarette) are more likely to be puffed in the MTL fashion whereas
products with low flow path resistance (such as the hookah) are more likely to be
puffed in the DTL fashion
39. This forms the hypothesis for an observation study (Aim 6.1 - OS6) that cigarette
users are more likely to perform MTL and that hookah users are likely to perform
DTL
40. The potential relationship between e-liquid characteristics (nicotine strength, flavor, and PG/VG ratio) on puffing and respiratory behavior were explored
41. A hypothesis was formed for an observation study (Aim 6.2 - OS7) into the effect
of switching nicotine strength on puffing and respiratory behavior, i.e. assessing
compensatory behavior
42. A hypothesis was formed for an observation study (Aim 6.3) into the effect of
switching e-liquid flavor on puffing and respiratory behavior but due to new
government regulations, this study is no longer possible. Instead, an alternate
hypothesis was formed for the observation study involving investigating the impact of switching the PG/VG ratio
43. Various potential causes for and protocols to mitigate participant acceptability
issues related to the use of the wPUM™ monitor and the Hexoskin were discussed
44. Various potential causes for and protocols to mitigate participant compliance issues related to the study protocol, and the use of the wPUM™ monitor and the
Hexoskin were discussed
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45. Various potential causes for and protocols to mitigate issues related using the
wPUM™ monitor and the Hexoskin impacting the participant’s behavior in the
natural environment were discussed
46. The protocols to be carried out by the research administrator of an observation
study were outlined, including how participants would be recruited, how eligibility would be confirmed, how the informed consent form would be administered,
and how incentive payments are made
47. The protocols to be carried out by the lab technician of an observation study were
outlined, including how the wPUM™ and Hexoskin devices would be prepared
(calibrated, cleaned) and how they would be maintained
48. All these protocols were updated with lessons learned from OS6 for OS7 and any
future studies
49. The wPUM™ and Hexoskin were deployed to measure puffing and respiratory
parameters of cigarette users and hookah users in their natural use environment
50. A total of 5 hookah data sets and 3 cigarette data sets were obtained and analyzed
51. The results of this study were published in a peer-reviewed journal paper [42]

11.2

Recommendations for future work

1. Investigate new WRMs that come to the market. New WRMs may have improved
sensors or other capabilities that may make it even more suitable for natural environment of respiratory behavior compared to the Hexoskin. The assessment
attributes can be used to aid in this determination
2. Seriously consider developing a novel WRM. Many of the limitations associated
with using the Hexoskin is that the system is a black box in many ways. Without
knowing what is going on behind the scenes, a lot of assumptions and workarounds
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had to be made. For example, it is unclear why the raw chest motion from the embedded respiratory sensors exhibit such drifting behavior. Presently, this transient
behavior is attributed to the type and quality of the sensor used by the Hexoskin
and is considered to be independent of real breathing behavior. Therefore, it is removed from the waveform using the baseline compensation algorithm. However,
it could be possible that this assumption is wrong and that the drifting baseline is
reflective of some aspect of the person’s behavior. Or it is a combination of both
the sensor and the person’s behavior. With a different sensor design, for example using a piezoresistor, this ambiguity could be eliminated. Another benefit to
designing a custom sensor and datalogger is that there would be better control
over the RTC behavior. An RTC with a high degree of accuracy like the one in
the wPUM™ could be used which would eliminate the need to perform the time
synchronization. The downside of course would be in the engineering time and
monetary cost in designing a completely novel system. However, it would be possible to leverage the wPUM™ hardware and software architectures to expedite the
development process.
3. Although the Konno and Mead [50] model seems suitable for measuring respiratory waveforms in a controlled setting, some of the unusual behaviors seen in the
natural environment data may be due to a limitation of the model. Furthermore,
the model is sensitive to changes in posture. It may be possible to develop a new
model that makes use of chest motion measurements at more locations around
the torso instead of just at the abdomen and the thorax which might improve the
robustness of the overall calibration and respiratory waveform measurements.
4. The current calibration breathing maneuver only reproduces respiratory volumes
at two regimes, natural (reflective of tidal breathing) and deep (reflective of a deep
inhale after a puff). If a larger set of volume increments can be reproduced, that
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would improve the calibration and its validity. It is difficult for a human to precisely control their breathing volume but an external tool could be of use, such
as bags of different volumes that the user can inhale from and exhale into. To be
even more sophisticated, a flow control system can be attached to the calibration
instrument that would cut-off the flow when the target volume has been reached
for each inhale and exhale. This would allow for a dynamic control of volume,
analogous to how the PES controls puff flow rate.
5. The accuracy of the spirometer used limits the accuracy of the calibrations performed using it as a reference. The Vernier spirometer used in this dissertation
does not have very good accuracy. In the future, a spirometer with better accuracy should be used.
6. The facemask that is currently being used in the SpiroFacemask calibration instrument does not have a proper harness, making it difficult for participants to
attach it to their head. In the future, a better facemask harness can be designed or
purchased that is easy to wear and adjust.
7. The algorithm for segmenting the data can be improved in the following way:
Instead of segmenting the data out into separate files, which creates redundant
data, takes up more disk space, and creates clutter, it would be more efficient to
just save the start and end times of each segment 1 which can then be referred to
by the algorithms in the other steps. In this way, the subsequent algorithms can
perform the segmenting dynamically in memory after reading in the full waveforms without the need to read data from multiple files.
8. The Extrema Finder algorithm for finding the extrema locations can be improved
in the following way: The algorithm would sometimes misplace extrema locations, which typically happens because of the dynamic prominence specification
1 for example in a CSV file with one column for each of the following:

name of the data file, start time of
the segment, end time of the segment, and the type of segment (TimeSync, Calibration, Deployment, etc))
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that is fed into the islocalmin MATLAB function. Since the developed algorithm
works in a sliding time window, when there are much fewer deep inhales than
natural breaths (or vice versa) in the window, the dynamic prominence becomes
skewed to the more frequent (and therefore more prominent) behavior, making
the algorithm effectively “blind” to the other behavior in that window. This can
be improved by first reading the whole waveform and calculating the range of
prominence values that accounts for all the behaviors in the waveform.
9. The algorithm for applying the calibration parameters need to be improved so that
it can selectively apply a specific set of calibration parameters for specific sections
of the chest motion waveform. For example, the calibration parameters obtained
from the wPUM™ as the calibration instrument can be applied to the section of
data where the participant is performing DTL puffing. The calibration parameters
obtained from the SpiroFacemask can then be applied to the remainder of the data.
10. The algorithm for calculating the respiratory topography can be improved by incorporating the more robust way of calculating volume and flow rate (see section 7.7)
11. The validation investigation should be repeated with the Hexoskin shirt worn
on more subjects, with different body types, breathing styles, and gender. It is
presently unclear how these factors would affect the accuracy of the shirt. At the
very least, it would improve the confidence in the validity of the Hexoskin if it
was tested on more subjects
12. As previously stated, it is difficult for a human to precisely control their inhalation
and exhalation volumes, which makes it impossible to characterize the Hexoskin’s
ability to measure specific volumes. In the future, the idea of either the bags of different volumes or a dynamic volume control system could be used to control the
volume. This would allow for a more robust characterization of the Hexoskin’s
ability to measure volume
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13. The parameters proposed for distinguishing between MTL and DTL are very sensitive to the accuracy of the time base and the extrema locations (for getting the
start and end times of puffs and breaths) and the calibration (for the volume measurements). It is believed that after time synchronization has been performed,
there is high confidence in the accuracy of the time base. However, if the extrema
finder algorithm misplaces a location then that has a negative impact on the value
of the parameters. The accuracy of the calibration once applied to natural environment data, however, still needs more assessment. Due to these reasons, the
proposed parameters currently have limited usability. Once each of these underlying factors have been improved, the usability of the parameters would improve
14. Other novel puffing and inhalation behaviors also need to be explored. For example, some participants may perform a “mouth-only” behavior wherein they puff
into the mouth only and not actually inhale, as a way to get the feeling of smoking
or vaping without actually inhaling nicotine and other HPHCs
15. Once the above issues are resolved then the proposed metrics can be once again
applied to see how well they work with real tobacco user data from the natural
environment. It is very likely that the metrics would need to be updated. It might
also be likely that the metrics need to be tailored to each participant or a subset
of participants based on specific idiosyncrasies. For example, some participants
might pause longer with the smoke or vapor in their mouth during MTL than
other participants
16. A machine learning algorithm could be developed to perform the classification of
MTL and DTL using the proposed parameters (or some other yet-to-be-determined
features) and the manually obtained classifications as the training dataset. This
could potentially be an improvement over the current algorithm which relies on
simple if-then statements (based on the parameters and metrics) for classifying
each PAR as MTL or DTL
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17. There is still one unanswered question related to wPUM-HX time synchronization. It was expected that ωwPU M,HX =

ωCBTS,HX
ω PES,wPUM

but the results from section 6.3.2

indicate that this is not the case. It is suspected that the reason for this is because
the reference RTC is not the same. In the future, it is worth verifying that the
expected relationship would hold if this investigation were to be repeated with
the CBTS and the PES connected to the same computer. If this is the case then
it would provide a means to mitigate the issue that arises when the other time
synchronization data other than the first are lost.
18. The validation performed should be repeated on more people, ideally on tobacco
users. Participants that perform MTL and and participants that perform DTL
should be recruited to conduct a brief in-lab observation study. The objective is to
see if the MTL and DTL can be observed in the data.
19. The investigation into the characterization of the flow path resistance was expanded to include a larger selection of tobacco products by another research student in the RTL but the results have not been consolidated and verified.
20. The flow path resistance model currently is a 2nd -order polynomial with three
terms. Instead, it would be ideal if the model was instead of the form ∆p = kq2
with k being a parameter that describes the degree of resistance with units of
[s2 /m6 ∗Pa]. If this is possible then it would allow for easy comparison between
tobacco products in terms of flow path resistance. Since there is a potential link
between flow path resistance and puffing and inhalation behaviors (i.e. MTL and
DTL), this parameter may provide a means to quantitatively classify products
based on expected behavior. This classification will have bearing on the way a
product is used and the user experience and should be more useful than the current classification based on the product shape (i.e. cig-a-like, pen-style, mod-style,
pod-style, etc.) and time of release (i.e. generation 1, 2, 3, 4). It is presently unclear if this proposed model will work given the data collected. Regardless, this
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presents a new avenue of research that might have important implications and
may aid in the creation of new policies.
21. A future study should investigate the impact of e-liquid PG/VG ratio on the “feel”
(throat-hit, harshness, etc.) of the vapor and its impact on puffing and respiratory
parameters. It has been reported that some users prefer to make their own e-liquid
and tweak the PG/VG ratio. It is important to discover how this could affect their
usage behavior and health outcome. This is especially important now that there
is most likely an increase in homebrew e-liquid due to the new policy banning
commercially flavored e-liquids.
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A SPS: The WRM Benchptop Test
Setup (Version One)

A.1

Overview

The first test setup (dubbed the SPS) is comprised of a syringe pump (NE-400; New
Era Pump Systems, Inc.) driven by a linear actuator, and two semi-circular fixtures that
each form a ’C’ shape with the concave sides facing inwards and towards each other.
The motion of the linear actuator simulated the inhale and exhale chest motion while
the fixtures functioned as rigid chest walls - one affixed to the non-moving end of the
syringe pump and the other affixed to the moving end. With this configuration, one fixture can move away or towards the fixed fixture with the motion of the linear actuator,
simulating chest expansion (inhalation) or contraction (exhalation), respectively.

A.2

Functionality

The syringe pump is programmable (using proprietary software from New Era Pump
Systems, Inc.) and can take in three primary parameters for each action: i) Volume (code
VOL) - specifies the distance travelled by the linear actuator which simulates inhale or
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exhale volume; ii) Rate (code RAT) - specifies the speed of the linear actuator which
simulates inhale or exhale flow rate; iii) Direction (code DIR) - specifies the direction
of motion of the linear actuator which determines if it is an inhale or an exhale. These
parameters must be manually specified at the start of each inhale/exhale cycle or within
a script.

Upon using the SPS, it was observed that the actuator moved at different speeds while
extending and contracting even when the same speed command is specified. From
further testing it was found that the actuator moved approximately 1.9 times slower
while extending (inhale) than while contracting (exhale) at all speeds.

A.3

Purpose

Although the preliminary WRM characterization experiments were conducted using
the SPS, due to the difficulty in programming and controlling the SPS, the lack of positional feedback, and the directional speed bias, it was determined that a better test
system needed to be developed.
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B CBTS: The WRM Benchtop Test
Setup (Version Two)

B.1

Overview

Due to the limitations of the previous benchtop test setup, the SPS (Appendix A), a
new test setup was designed. Primary considerations for developing a new test setup
included: i) eliminating issues present in the previous test setup (namely expansioncontraction rate hysteresis), and ii) the need for feedback signals from the actuator (real
time stretch measurements). Unlike the SPS, the new system (dubbed the CBTS) was
built from the ground up. The linear actuator, the C-brackets, and the rails were all purchased separately. Of the linear actuators identified, the one that provided the highest
speed and dynamic load at a stroke length of 100 [mm] was chosen. It has a precision
of ±0.3 [mm].
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F IGURE B.1: Image of the version two of the chest expansion simulator
(CBTS). The WRM is “worn” on the simulator during characterization.

The reason for specifying the max stroke length of 100 [mm] is because this is the highest
expected stretch length of the WRM. This was determined from the chest expansion
data obtained from the literature [61] and calculations made based on the predicted
inhalation volumes.

After conducting a force-deflection analysis on the EQU’s chest strap and extrapolating
the data, it was determined that the chest strap would exert a compressive force of
around 75 [N] when stretched to 100 [mm]. This meant that the linear actuator must be
able to provide a dynamic and static force of at least 75 [N] at max stretch to be able to
stretch the belt and maintain a hold respectively.
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B.2

Functionality

The CBTS shares some similar functionalities to the SPS; in particular, the stretch length
and speed can be programmed for each trial. Unlike the SPS, however, the CBTS is
controllable in real time via a Linear Actuator Controller (LAC; Actuonix Inc.). The
LAC is a multipurpose controller board for controlling linear actuators and can operate
under many modes, including live control from a computer via USB. A MATLAB®
program was developed to send and receive signals to and from the LAC. With this
program, the WRM can be stretched dynamically and the length of stretch recorded in
real time to the computer memory.

F IGURE B.2: Schematic of the CBTS and SPS chest expansion simulator
setup showing the top-down view. The WRM under test is “worn” on the
test setup in the same way as on a human torso. The test setup stretches
the WRM in one direction to mimic chest expansion. The stretch sensor
portion of the WRM is centered between the C-brackets of the test setup
as shown. The anatomical axes on the torso cross-section are also defined.

To mimic an idealized natural respiration cycle, the CBTS is programmed to follow the
following stages: (1) inhale, (2) breath-hold, (3) exhale, and lastly (4) pause until start of
next cycle. For each stage of the cycle, the linear actuator arm position and move speed
can be specified. There is no movement during the breath-hold and pause periods;
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the actuator is commanded to maintain its position throughout these stages. For each
stage, the position and speed of the actuator must be specified. When the actuator is
fully retracted, the position is 0 [mm]. Likewise, when the actuator is fully extended,
the position is 100 [mm]. As a safety mechanism, the minimal retraction and extension
position was set to 20 and 80 [mm], respectively. This prevents over-actuation of the
armature which could damage the motor as well as the WRM being tested. Due to
the way the CBTS is designed, the WRM is stretched (inhale) when the actuator arm
is retracted, and contracted (exhale) when the actuator arm is extended. As such, the
resting position of the WRM (prior to the start of the first inhalation) corresponds to
the command position 80 [mm]. To stretch the WRM (simulating inhale), a command
position less than 80 [mm] is sent. For example, when 60 [mm] is sent to the controller,
the actuator arm would move from 80 [mm] to 60 [mm], which equates to a movement
of 20 [mm].

F IGURE B.3: Exemplar representation of a typical respiration profile,
showing two adjacent inhale cycles. Each respiration cycle is composed
of 4 stages: (1) inhale, (2) breath-hold, (3) exhale, and (4) pause.

For the majority of the WRM sensor characterization experiments, the CBTS was instructed to replicate respiration profiles that resembled square waves, with each square
in the profile representing a respiration cycle. Since the “inhale” and “exhale” stages
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are not instantaneous, each respiration cycle actually resembles a trapezoid instead of
a rectangleFigure B.3. Naturally, this profile shape is not characteristic of realistic inhalation behavior; the “inhale” and “exhale” stages would most likely be curvilinear
rather than straight lines. During ad-lib breathing, the breath-hold duration is virtually
zero, thus the overall shape of an inhale cycle would most likely resemble a quadratic
curve. Nevertheless, for the purposes of the WRM characterization experiments, it was
deemed that an idealized respiration profile would be used so as to simplify the analysis process and allow for the extraction of key parameters of interest, such as WRM
response linearity and ability to measure breath-hold.

Unlike the SPS, the linear actuator in CBTS is equipped with a potentiometer-based
feedback sensor which sends the live position of the actuator arm back to the computer
via USB. A closed-loop feedback controller is embedded in the LAC board which automatically adjusts the speed of the actuator arm as it is moving to smoothly reach the
target position. There is no option to disable the closed-loop feedback controller. This
posed an issue as it made it difficult to obtain the idealized square wave profiles as desired. To mitigate this, the controller was adjusted such that it was able to reproduce
the profile shape that was desired with the trade off of not achieving the exact target
position. For example, if given a command target position of 55 [mm], the actuator arm
may move to 57 [mm] instead. However, this is not an issue since the exact position of
the actuator arm is known at any given instance and as such any analysis done will be
based on the measured position and not the command position.
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B.3

Purpose

The CBTS was used during this dissertation for testing the linearity of the respiratory
sensors in the various WRM candidates. It was also used for obtaining the RTC characteristics of the Hexoskin datalogger.
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C PES™ Emissions System

C.1

Overview

The PES™ emissions systems are a family of machines designed for emulating human puffing behavior of various tobacco products, including cigarettes (PES™-0), e-cigs
(PES™-1) and hookah (PES™-2). The PES™ machines were built and are maintained inhouse by RTL engineers. In addition to emissions testing, the PES™ emissions systems
are also used for calibrating the wPUM™ topography monitors. Detailed information
about the PES™-1 emissions system has been published in Hensel and Robinson [33].
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( A ) PES™-0

( B ) PES™-1
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( C ) PES™-2

F IGURE C.1: Images of the PES™ emissions generation and capture systems developed by RTL engineers

C.2. Functionality

C.2

Functionality

The PES™ machine is equipped with one or more calibrated flow meters, various pressure transducers, and solenoid valves. Using these, and a computer operated closedloop feedback system (PID controller), the puff flow rate can be controlled very precisely. The control and sampling frequency of the system is normally fixed at 100 [Hz].
The PES™ machine can also record the gauge pressure at the mouthpiece end of any
product being puffed.

C.3

Purpose

The PES™ systems were used during this dissertation to calibrate and obtain RTC characteristics of the wPUM™ topography monitors.The PES™ systems were also used to
measure the pressure drop across ENDS as a function of puff flow rate.
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D wPUM™ Topography Monitor

D.1

Overview

The wPUM™ monitors are a family of devices designed by RTL engineers to measure
puffing topography of tobacco users in the natural environment. Currently there are
three variants of the latest generation of monitors (Appendix D.1). The wPUM™ topography monitors have been deployed in a number of natural environment studies
[70, 71, 42]. Their acceptability and impact on participant compliance have been documented.
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( A ) wPUM™ cigarette monitor

( B ) wPUM™ hookah monitor

( C ) wPUM™ JUUL monitor

F IGURE D.1: Images of the family of wPUM™ topography monitors developed by280
RTL engineers

D.2. Functionality

D.2

Functionality

The wPUM™ topography consists of an orifice plate which measures the flow rate of
air/emission mixture as it enters the mouth of the user when the device is puffed. The
orifice plate is placed in-line with the tobacco product such that the flow that exits the
mouthpiece of the product passes through the orifice plate before entering the mouth
of the user. A differential pressure sensor is used to measure the static pressure before
and after the orifice plate. The range of the pressure sensor is dependent on the tobacco
product and limits the maximum measurable flow rate. The measured pressure drop
across the flow orifice is used to infer puff flow rate using pre-obtained calibration parameters. Figure D.2 is an example of a flow rate waveform of an ecig user measured
using a wPUM™ topography monitor. The monitor is fully portable, with an embedded
control unit which houses the data collection and storage unit as well as the battery. The
monitor can be connected to a computer via a micro-USB cable for data offloading and
charging the battery. The user does not need to perform any actions to start using the
monitor, aside from connecting their tobacco product to it. The monitor samples puffing data at a fixed sampling rate of 40 [Hz]. The monitor also samples other auxiliary
data at a much lower frequency for the purpose of debugging, including battery voltage
data, operation and firmware state data, and significant event flags. Each component
in the monitor is specifically designed for the device being monitored.

281

Appendix D. wPUM™ Topography Monitor

F IGURE D.2: Puff topography of an ecig user in a single session. A total
of 19 puffs can be seen. Data is collected with a wPUM® topography
monitor and analyzed using the TAP® analysis program developed by
RTL

D.3

Limitations

Due to the design of the circuitry and the firmware currently used in the wPUM™
monitor, when the battery fully discharges, the RTC would get reset to 1/1/1970. When
this happens, it would no longer be possible to perform the time synchronization to the
collected data. To mitigate this, the participants are instructed to charge the monitor
every night that they have it in their possession. The RTC is corrected to the current
time prior to every deployment.

D.4

Purpose

The wPUM™ monitor is an integral part of this dissertation work. It is primarily used
to measure puff flow rate. It also functions as the primary time source for correcting the
Hexoskin time in the time synchronization process. The wPUM™ JUUL monitor was
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also tested as a calibration instrument for the Hexoskin. No modifications needed be
made to how these monitors operated for the purposes of this dissertation.
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E Vernier Spirometer

E.1

Overview

For the majority of the WRM calibrations done in this dissertation, a spirometer (Vernier,
Beaverton, OR, USA) is used as the primary instrument. There are presently two models sold by Vernier: (i) SPR-BTA1 and (ii) GDX-SPR 2 . In this dissertation, the SPR-BTA
model is the one used.

E.2

Functionality

The Vernier spirometer requires a computer and one of the software solutions provided
by the Vendor to collect the data. The software used in this research is the free version of
Vernier Graphical Analysis (https://www.vernier.com/products/graphical-analysis/).
The spirometer measures flow rate in [L/s] (unit can be adjusted in software) at a sampling rate of 50 [Hz] (can be adjusted in software). Data is saved in a CSV format. The
Vernier software also provides the volume waveform but in this dissertation the volume
waveform is calculated from the flow rate using trapezoidal integration.
1 https://www.vernier.com/product/spirometer/
2 https://www.vernier.com/product/go-direct-spirometer/
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E.3

Characterization

Since the spirometer is used to calibrate the Hexoskin, its accuracy is important as it
imposes a limit to the accuracy of the calibrated Hexoskin volume. The vendor of the
spirometer did not provide detailed accuracy specifications in their product literature.
In order to determine the accuracy of the spirometer, the PES™ system was used. The
spirometer was connected to the PES™ system and puffs at flow rates from 35 [mL/s]
to 500 [mL/s] in increments of 15 [mL/s] and were generated. Each puff has a nominal
duration of 10 seconds, as such the rang of volumes tested was 350 [mL] to 5000 [mL].
In order to characterize the accuracy of the spirometer for both inhale and exhale, the
test was repeated for both orientations of the spirometer. The measured puff volume
by the spirometer (Vspiro ) were compared to the volume measured by the PES™ system (VPES ) in a Bland-Altman analysis. The resultant volume error, Vspiro − VPES , was
plotted against the average volume,

Vspiro +VPES
,
2

(Figure E.1).
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for both inhale and exhale orientations

E.3. Characterization

( A ) Inhale

( B ) Exhale

F IGURE E.1: Results of the characterization of the spirometer using the
PES™ as a reference instrument
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From the results of the characterization, it can be seen that the mean volume error is
-60 [mL] and -55 [mL] for inhale and exhale orientations, respectively. The signs of the
volume error values show that on average the spirometer underestimates the volume
measurements. In comparing the magnitude of the volume error values, it can be seen
that there is a slight directional accuracy bias in the spirometer, with the error being on
average slightly larger when measuring inhale volumes.

E.4

Purpose

The spirometer was used during this dissertation as one of the instruments for calibrating the Hexoskin. The spirometer was also used as a source for reference volume
measurements during the Hexoskin validation.

288

Bibliography

[1]

Food Administration and Drug. 81 FR 28973 – Deeming tobacco products to be Subject to the Federal Food, Drug, and Cosmetic Act, as Amended by the Family Smoking
Prevention and Tobacco Control Act; restrictions on the sale and distribution of tobacco
products and required warning statements for tobacco products. Government Document. 2016. URL: https://www.federalregister.gov/documents/2016/05/10/
2016- 10685/deeming- tobacco- products- to- be- subject- to- the- federalfood-drug-and-cosmetic-act-as-amended-by-the.

[2]

Andrea Aliverti. “Wearable technology: role in respiratory health and disease”.
In: Breathe 13.2 (2017), e27. URL: http://breathe.ersjournals.com/content/
13/2/e27.abstract.

[3]

S. Anjilvel and B. Asgharian. “A multiple-path model of particle deposition in
the rat lung”. In: Fundamental and Applied Toxicology 28.1 (1995), pp. 41–50. ISSN:
0272-0590.

[4]

A. K. Armitage et al. The Effect of Inhalation Volume and Breath-Hold Duration on the
Retention of Nicotine and Solanesol in the Human Respiratory Tract and on Subsequent
Plasma Nicotine Concentrations During Cigarette Smoking. Generic. 2004. DOI: 10.
2478/cttr-2013-0786. URL: https://www.degruyter.com/view/j/cttr.2004.
21.issue-4/cttr-2013-0786/cttr-2013-0786.xml.

[5]

Rachel Z. Behar, My Hua, and Prue Talbot. “Puffing Topography and Nicotine
Intake of Electronic Cigarette Users”. In: PLOS ONE 10.2 (2015), e0117222. DOI:
10.1371/journal.pone.0117222. URL: https://doi.org/10.1371/journal.
pone.0117222.

[6]

Neal L. Benowitz et al. “Effect of reducing the nicotine content of cigarettes on
cigarette smoking behavior and tobacco smoke toxicant exposure: 2-year follow
up”. In: Addiction 110.10 (2015). Benowitz, Neal L. 1,2 Nardone, Natalie 1 Dains,

289

Bibliography
Katherine M. 1 Hall, Sharon M. 3 Stewart, Susan 4 Dempsey, Delia 1 Jacob, Peyton 1,3; Affiliation: 1: Division of Clinical Pharmacology and Experimental Therapeutics, Medical Service, San Francisco General Hospital Medical Center 2: Departments of Medicine and Bioengineering and Therapeutic Sciences, University of California 3: Department of Psychiatry, University of California 4: Department of Public Health Sciences University of California Davis; Source Info:
Oct2015, Vol. 110 Issue 10, p1667; Subject Term: NICOTINE addiction; Subject
Term: CIGARETTE smokers; Subject Term: BIOCHEMICAL markers; Subject Term:
SMOKING; Subject Term: MENTAL depression; Subject Term: RESEARCH; Subject Term: DRUG addiction; Subject Term: TREATMENT effectiveness; Subject
Term: DRUG withdrawal symptoms; Subject Term: PHARMACODYNAMICS;
Subject Term: NICOTINE; Subject Term: COTININE; Subject Term: QUESTIONNAIRES; Subject Term: BODY mass index; Subject Term: RANDOMIZED controlled trials; Subject Term: FINANCING of research; Subject Term: STATISTICS;
Subject Term: DATA analysis; Subject Term: REGRESSION analysis; Subject Term:
MASS spectrometry; Subject Term: LIQUID chromatography; Subject Term: GAS
chromatography; Subject Term: DATA analysis software; Subject Term: CHI-squared
test; Subject Term: CONFIDENCE intervals; Author-Supplied Keyword: Addiction; Author-Supplied Keyword: biomarkers; Author-Supplied Keyword: cigarette
smoking; Author-Supplied Keyword: cotinine; Author-Supplied Keyword: drug
dependence; Author-Supplied Keyword: nicotine; Author-Supplied Keyword: reduction; NAICS/Industry Codes: 325411 Medicinal and Botanical Manufacturing; Number of Pages: 9p; Illustrations: 1 Diagram, 3 Charts, 3 Graphs; Document Type: Article, pp. 1667–1675. ISSN: 09652140. DOI: 10 . 1111 / add . 12978.
URL : http://search.ebscohost.com/login.aspx?direct=true&db=afh&AN=
109323710&site=ehost-live.
[7]

Daniel Berry, Jason Bell, and Edward Sazonov. “Detection of cigarette smoke inhalations from respiratory signals using decision tree ensembles”. In: SoutheastCon 2015. IEEE, Apr. 2015. DOI: 10.1109/secon.2015.7132935.

[8]

A. Bhatnagar et al. “Electronic Cigarettes: A Policy Statement From the American
Heart Association”. In: Circulation 130.16 (Aug. 2014), pp. 1418–1436. DOI: 10 .
1161/cir.0000000000000107.

[9]

L. Biener and J. L. Hargraves. “A longitudinal study of electronic cigarette use
among a population-based sample of adult smokers: association with smoking
cessation and motivation to quit”. In: Nicotine Tob Res 17.2 (2015). 1469-994x Biener, Lois Hargraves, J Lee R01CA151384-03/CA/NCI NIH HHS/United States
Journal Article Research Support, N.I.H., Extramural England Nicotine Tob Res.
2015 Feb;17(2):127-33. doi: 10.1093/ntr/ntu200. Epub 2014 Oct 9., pp. 127–33.
ISSN : 1462-2203. DOI : 10.1093/ntr/ntu200.

[10]

T. H. Brandon et al. “Electronic Nicotine Delivery Systems: A Policy Statement
from the American Association for Cancer Research and the American Society of

290

Bibliography
Clinical Oncology”. In: Clinical Cancer Research 21.3 (Jan. 2015), pp. 514–525. DOI:
10.1158/1078-0432.ccr-14-2544.
[11]

L. S. Brose et al. “Is the use of electronic cigarettes while smoking associated with
smoking cessation attempts, cessation and reduced cigarette consumption? A survey with a 1-year follow-up”. In: Addiction 110.7 (2015). 1360-0443 Brose, Leonie S
Hitchman, Sara C Brown, Jamie West, Robert McNeill, Ann British Heart Foundation/United Kingdom Medical Research Council/United Kingdom MR/K023195/1/Medical
Research Council/United Kingdom 14135/Cancer Research UK/United Kingdom Cancer Research UK/United Kingdom Journal Article Research Support,
Non-U.S. Gov’t England Addiction. 2015 Jul;110(7):1160-8. doi: 10.1111/add.12917.
Epub 2015 Apr 23., pp. 1160–8. ISSN: 0965-2140. DOI: 10.1111/add.12917.

[12]

Gregor Brüllmann et al. “Respiratory Monitoring by Inductive Plethysmography
in Unrestrained Subjects Using Position Sensor-Adjusted Calibration”. In: Respiration 79.2 (2010), pp. 112–120. DOI: 10.1159/000212117.

[13]

Jeffrey Buckley. How To Vape: A Quick Guide For A to Z Vaping. 2018. URL: https:
//vapingdaily.com/blog/how-to-vape-quick-start-guide/.

[14]

CDC. Quitting Smoking Among Adults, United States, 2001-2010. MMWR. Government Document. 2011.

[15]

T. S. Chadha et al. “Validation of Respiratory Inductive Plethysmography Using
Different Calibration Procedures”. In: American Review of Respiratory Disease 125.6
(1982), pp. 644–649. DOI: 10.1164/arrd.1982.125.6.644. URL: https://www.
atsjournals.org/doi/abs/10.1164/arrd.1982.125.6.644.

[16]

Ta-Chung Chang et al. “Wearable sensors based on a high sensitive complementary split-ring resonator for accurate cardiorespiratory sign measurements”. In:
2017 IEEE MTT-S International Microwave Symposium (IMS). IEEE, June 2017. DOI:
10.1109/mwsym.2017.8059070.

[17]

Lee M. Cohen et al. “Chewing gum affects smoking topography.” In: Experimental
and Clinical Psychopharmacology 7.4 (1999), pp. 444–447. DOI: 10.1037/1064-1297.
7.4.444.

[18]

MA Cohn et al. “The respiratory inductive plethysmograph: a new non-invasive
monitor of respiration.” In: Bulletin europeen de physiopathologie respiratoire 18.4
(1982), p. 643.

[19]

116th Congress (2019-2020). H.R.2339 - Protecting American Lungs and Reversing
the Youth Tobacco Epidemic Act. Government Document. 2020. URL: https://www.
congress.gov/bill/116th-congress/house-bill/2339.

[20]

J. Dall’Ava-Santucci and A. Armanganidis. “Respiratory Inductive Plethysmography”. In: Pulmonary Function in Mechanically Ventilated Patients. Ed. by Salvador
Benito and Alvar Net. Berlin, Heidelberg: Springer Berlin Heidelberg, 1991, pp. 121–
142. ISBN: 978-3-642-84209-2. DOI: 10.1007/978-3-642-84209-2_11. URL: https:
//doi.org/10.1007/978-3-642-84209-2_11.
291

Bibliography
[21]

James Dunworth. Mouth to Lung Vs Direct to Lung Inhale Explained. 2018. URL:
https://www.ecigarettedirect.co.uk/ashtray- blog/2018/03/mouth- tolung-vs-direct-to-lung.html.

[22]

Nathan Eddingsaas et al. “Qualitative Analysis of E-Liquid Emissions as a Function of Flavor Additives Using Two Aerosol Capture Methods”. In: International
Journal of Environmental Research and Public Health 15.2 (2018). ijerph-15-00323[PII]
29438289[pmid] Int J Environ Res Public Health, p. 323. ISSN: 1661-7827 16604601. DOI: 10.3390/ijerph15020323. URL: http://www.ncbi.nlm.nih.gov/pmc/
articles/PMC5858392/.

[23]

Karl-Olov Fagerström. “Measuring degree of physical dependence to tobacco
smoking with reference to individualization of treatment”. In: Addictive Behaviors
3.3 (1978), pp. 235–241. ISSN: 0306-4603. DOI: https://doi.org/10.1016/03064603(78)90024- 2. URL: http://www.sciencedirect.com/science/article/
pii/0306460378900242.

[24]

K. E. Farsalinos and R. Polosa. “Safety evaluation and risk assessment of electronic cigarettes as tobacco cigarette substitutes: a systematic review”. In: Ther
Adv Drug Safety 5 (2014). DOI: 10.1177/2042098614524430. URL: http://dx.doi.
org/10.1177/2042098614524430.

[25]

K. E. Farsalinos et al. “Evaluating nicotine levels selection and patterns of electronic cigarette use in a group of "vapers" who had achieved complete substitution of smoking”. In: Subst Abuse 7 (2013).

[26]

Lee W. Frederiksen and Steven J. Simon. “Modification of smoking topography:
A preliminary analysis”. In: Behavior Therapy 9.5 (Nov. 1978), pp. 946–949. DOI:
10.1016/s0005-7894(78)80027-6.

[27]

Inéz Frerichs et al. “Chest electrical impedance tomography examination, data
analysis, terminology, clinical use and recommendations: consensus statement of
the TRanslational EIT developmeNt stuDy group”. In: Thorax 72.1 (Sept. 2016),
pp. 83–93. DOI: 10.1136/thoraxjnl-2016-208357.

[28]

Maciej L. Goniewicz et al. “Nicotine Levels in Electronic Cigarettes”. In: Nicotine
& Tobacco Research 15.1 (2013), pp. 158–166. ISSN: 1462-2203. DOI: 10.1093/ntr/
nts103. URL: <GotoISI>://WOS:000312880900020.

[29]

G. Grimby, J. Bunn, and J. Mead. “Relative contribution of rib cage and abdomen
to ventilation during exercise.” In: Journal of Applied Physiology 24.2 (Feb. 1968),
pp. 159–166. DOI: 10.1152/jappl.1968.24.2.159.

[30]

Anne De Groote, Manuel Paiva, and Yves Verbandt. “Mathematical assessment
of qualitative diagnostic calibration for respiratory inductive plethysmography”.
In: Journal of Applied Physiology 90.3 (Mar. 2001), pp. 1025–1030. DOI: 10 . 1152 /
jappl.2001.90.3.1025.

[31]

S Hallett, F Toro, and J.V. Ashurst. “Physiology, Tidal Volume”. In: StatPearls [Internet] (May 2022). URL: https://www.ncbi.nlm.nih.gov/books/NBK482502/.
292

Bibliography
[32]

Jamie Hartmann-Boyce et al. “Electronic cigarettes for smoking cessation”. In: The
Cochrane Library (2016).

[33]

E.C. Hensel and R.J. Robinson. Interdisciplinary Research Methods: Enhancing Professional Skills of Engineering Ph.D. Students. Conference Paper. 2017.

[34]

T. Higenbottam, C. Feyeraband, and T. J. Clark. “Cigarette smoke inhalation and
the acute airway response”. In: Thorax 35.4 (1980), p. 246. URL: http://thorax.
bmj.com/content/35/4/246.abstract.

[35]

S. C. Hitchman et al. “Associations Between E-Cigarette Type, Frequency of Use,
and Quitting Smoking: Findings From a Longitudinal Online Panel Survey in
Great Britain”. In: Nicotine Tob Res 17.10 (2015). 1469-994x Hitchman, Sara C Brose,
Leonie S Brown, Jamie Robson, Debbie McNeill, Ann 14135/Cancer Research
UK/United Kingdom MR/K023195/1/Medical Research Council/United Kingdom British Heart Foundation/United Kingdom Cancer Research UK/United
Kingdom Journal Article Research Support, Non-U.S. Gov’t England Nicotine
Tob Res. 2015 Oct;17(10):1187-94. doi: 10.1093/ntr/ntv078. Epub 2015 Apr 20.,
pp. 1187–94. ISSN: 1462-2203. DOI: 10.1093/ntr/ntv078.

[36]

L. Hon. “Electronic cigarette”. Pat. US8375957 B2. US Patent 8,375,957. Feb. 2013.
URL : https://www.google.com/patents/US8375957.

[37]

My Hua, Henry Yip, and Prue Talbot. “Mining data on usage of electronic nicotine
delivery systems (ENDS) from YouTube videos”. In: Tobacco Control 22.2 (Nov.
2011), pp. 103–106. DOI: 10.1136/tobaccocontrol-2011-050226.

[38]

Ilse Höfer, Rico Nil, and Karl Bättig. “Nicotine yield as determinant of smoke
exposure indicators and puffing behavior”. In: Pharmacology Biochemistry and Behavior 40.1 (Sept. 1991), pp. 139–149. DOI: 10.1016/0091-3057(91)90335-y.

[39]

H. Masudul Imtiaz et al. “Development of a Multisensory Wearable System for
Monitoring Cigarette Smoking Behavior in Free-Living Conditions”. In: Electronics 6.4 (2017). ISSN: 2079-9292. DOI: 10.3390/electronics6040104.

[40]

Shehan Jayasekera. “System for Measuring Inhalation Volume from Chest Motion”. In: Society For Research On Nicotine and Tobacco. Feb. 2021.

[41]

Shehan Jayasekera, Edward Hensel, and Risa Robinson. “Feasibility Assessment
of Wearable Respiratory Monitors for Ambulatory Inhalation Topography”. In:
International Journal of Environmental Research and Public Health 18.6 (2021). ISSN:
1660-4601. DOI: 10.3390/ijerph18062990. URL: https://www.mdpi.com/16604601/18/6/2990.

[42]

Shehan Jayasekera, Edward Hensel, and Risa Robinson. “Feasibility of Using the
Hexoskin Smart Garment for Natural Environment Observation of Respiration
Topography”. In: International Journal of Environmental Research and Public Health
18.13 (2021). ISSN: 1660-4601. DOI: 10.3390/ijerph18137012. URL: https://www.
mdpi.com/1660-4601/18/13/7012.

293

Bibliography
[43]

Ian Jones. Vaping and Inhaling: Everything You Need to Know. 2018. URL: https :
//vaping360.com/vaping-and-inhaling-everything-you-need-to-know/.

[44]

David B. Kane et al. “Effect of smoking parameters on the particle size distribution and predicted airway deposition of mainstream cigarette smoke”. In: Inhalation Toxicology 22.3 (2010), pp. 199–209. ISSN: 0895-8378. DOI: 10.3109/08958370903161224.
URL : https://doi.org/10.3109/08958370903161224.

[45]

Jon D Kassel et al. “Smoking topography in response to denicotinized and highyield nicotine cigarettes in adolescent smokers”. In: Journal of Adolescent Health
40.1 (2007), pp. 54–60. ISSN: 1054-139X.

[46]

Lisa Kent et al. “Validity and reliability of cardiorespiratory measurements recorded
by the LifeShirt during exercise tests”. In: Respiratory Physiology & Neurobiology
167.2 (2009), pp. 162–167. ISSN: 1569-9048. DOI: https://doi.org/10.1016/j.
resp.2009.03.013. URL: http://www.sciencedirect.com/science/article/
pii/S1569904809000871.

[47]

M. Khalil, K. Wagih, and O. Mahmoud. “Evaluation of maximum inspiratory and
expiratory pressure in patients with chronic obstructive pulmonary disease”. In:
Egyptian Journal of Chest Diseases and Tuberculosis 63.2 (Apr. 2014), pp. 329–335.
DOI : 10.1016/j.ejcdt.2014.01.010.

[48]

H. Kim et al. “Role of sweet and other flavours in liking and disliking of electronic
cigarettes”. In: Tob Control 25.Suppl 2 (2016). 1468-3318 Kim, Hyoshin Lim, Juyun
Buehler, Stephanie S Brinkman, Marielle C Johnson, Nathan M Wilson, Laura
Cross, Kandice S Clark, Pamela I P50 CA180523/CA/NCI NIH HHS/United
States Comparative Study Journal Article Randomized Controlled Trial Research
Support, N.I.H., Extramural Research Support, U.S. Gov’t, P.H.S. England Tob
Control. 2016 Nov;25(Suppl 2):ii55-ii61. doi: 10.1136/tobaccocontrol-2016-053221.
Epub 2016 Oct 5., pp. ii55–ii61. ISSN: 0964-4563. DOI: 10.1136/tobaccocontrol2016-053221.

[49]

Andrea C. King et al. “Second Generation Electronic Nicotine Delivery System
Vape Pen Exposure Generalizes as a Smoking Cue”. In: Nicotine & Tobacco Research
(Jan. 2017), ntw327. DOI: 10.1093/ntr/ntw327.

[50]

K. Konno and J. Mead. “Measurement of the separate volume changes of rib
cage and abdomen during breathing”. In: Journal of Applied Physiology 22.3 (1967),
pp. 407–422. ISSN: 8750-7587. DOI: 10.1152/jappl.1967.22.3.407. URL: https:
//doi.org/10.1152/jappl.1967.22.3.407.

[51]

Tetiana Korzun et al. “E-Cigarette Airflow Rate Modulates Toxicant Profiles and
Can Lead to Concerning Levels of Solvent Consumption”. In: ACS Omega 3.1
(2018), pp. 30–36. ISSN: 2470-1343. DOI: 10.1021/acsomega.7b01521. URL: http:
//dx.doi.org/10.1021/acsomega.7b01521.

294

Bibliography
[52]

E. M. Lee et al. “Smoking topography: Reliability and validity in dependent smokers”. In: 5.5 (2003), pp. 673–679. ISSN: 1462-2203. DOI: 10.1080/1462220031000158645.
URL : <GotoISI>://000186054200010.

[53]

Chad A. Lerner et al. “Vapors Produced by Electronic Cigarettes and E-Juices with
Flavorings Induce Toxicity, Oxidative Stress, and Inflammatory Response in Lung
Epithelial Cells and in Mouse Lung”. In: PLOS ONE 10.2 (2015), e0116732. DOI:
10.1371/journal.pone.0116732. URL: https://doi.org/10.1371/journal.
pone.0116732.

[54]

Adam M. Leventhal et al. “A quantitative analysis of subjective, cognitive, and
physiological manifestations of the acute tobacco abstinence syndrome”. In: Addictive Behaviors 35.12 (Dec. 2010), pp. 1120–1130. DOI: 10.1016/j.addbeh.2010.
08.007. URL: http://dx.doi.org/10.1016/j.addbeh.2010.08.007.

[55]

P. Lopez-Meyer et al. “Monitoring of Cigarette Smoking Using Wearable Sensors
and Support Vector Machines”. In: IEEE Transactions on Biomedical Engineering 60.7
(July 2013), pp. 1867–1872. DOI: 10.1109/tbme.2013.2243729.

[56]

Paulo Lopez-Meyer. “Detection of Hand-to-Mouth Gestures Using a RF Operated
Proximity Sensor for Monitoring Cigarette Smoking”. In: The Open Biomedical Engineering Journal 7.1 (Apr. 2013), pp. 41–49. DOI: 10.2174/1874120701307010041.

[57]

Paulo Lopez-Meyer and Edward Sazonov. “Automatic breathing segmentation
from wearable respiration sensors”. In: 2011 Fifth International Conference on Sensing Technology. IEEE, Nov. 2011. DOI: 10.1109/icsenst.2011.6136953.

[58]

Hayden McRobbie. Electronic cigarettes. Tech. rep. National Centre for Smoking
Cessation and Training, 2014.

[59]

R. K. Millard. “Key to better qualitative diagnostic calibrations in respiratory inductive plethysmography”. In: Physiological Measurement 23.2 (2002), N1. URL:
http://stacks.iop.org/0967-3334/23/i=2/a=401.

[60]

MistHub. Mouth to Lung vs Direct to Lung Vape Guide. 2018. URL: https://www.
misthub.com/blogs/vape- tutorials/mouth- to- lung- vs- direct- to- lungvape-guide.

[61]

JM Moll and V Wright. “An objective clinical study of chest expansion.” In: Annals
of the Rheumatic Diseases 31.1 (1972), p. 1.

[62]

Weslania Viviane Nascimento, Rachel Aguiar Cassiani, and Roberto Oliveira Dantas. “Gender effect on oral volume capacity”. In: Dysphagia 27.3 (2012), pp. 384–
389. ISSN: 0179-051X.

[63]

K. J. Norton, K. M. June, and R. J. O’Connor. “Initial puffing behaviors and subjective responses differ between an electronic nicotine delivery system and traditional cigarettes”. In: Tobacco Induced Diseases 12 (2014), p. 8. ISSN: 1617-9625. DOI:
10.1186/1617-9625-12-17. URL: <GotoISI>://WOS:000346027800001.

295

Bibliography
[64]

World Health Organization and Research for International Tobacco Control. WHO
report on the global tobacco epidemic, 2008: the MPOWER package. World Health Organization, 2008. ISBN: 9241596287.

[65]

Yogendra Patil, Stephen Tiffany, and Edward Sazonov. “Understanding smoking
behavior using wearable sensors: Relative importance of various sensor modalities”. In: 2014 36th Annual International Conference of the IEEE Engineering in Medicine
and Biology Society. IEEE, Aug. 2014. DOI: 10.1109/embc.2014.6945214.

[66]

Yogendra Patil et al. “Detection of cigarette smoke inhalations from respiratory
signals using reduced feature set”. In: 2013 35th Annual International Conference of
the IEEE Engineering in Medicine and Biology Society (EMBC). IEEE, July 2013. DOI:
10.1109/embc.2013.6610927.

[67]

Raul I. Ramos-Garcia, Edward Sazonov, and Stephen Tiffany. “Recognizing cigarette
smoke inhalations using hidden Markov models”. In: 2017 39th Annual International Conference of the IEEE Engineering in Medicine and Biology Society (EMBC).
IEEE, July 2017. DOI: 10.1109/embc.2017.8037056.

[68]

R. J. Robinson and C. P. Yu. “Deposition of Cigarette Smoke Particles in the Human Respiratory Tract”. In: Aerosol Science and Technology 34.2 (2001), pp. 202–215.
ISSN : 0278-6826. DOI : 10.1080/027868201300034844. URL : https://doi.org/10.
1080/027868201300034844.

[69]

R. J. Robinson et al. “Effect of e-liquid flavor on electronic cigarette topography
and consumption behavior in a 2-week natural environment switching study”. In:
PLoS ONE 13.5 (2018). 29718974[pmid] PONE-D-17-42053[PII] PLoS One, e0196640.
ISSN : 1932-6203. DOI : 10.1371/journal.pone.0196640. URL : http://www.ncbi.
nlm.nih.gov/pmc/articles/PMC5931659/.

[70]

R. J. Robinson et al. “Electronic Cigarette Topography in the Natural Environment”. In: PLOS ONE 10.6 (2015), e0129296. DOI: 10.1371/journal.pone.0129296.
URL : https://doi.org/10.1371/journal.pone.0129296.

[71]

R. J. Robinson et al. “Week Long Topography Study of Young Adults Using Electronic Cigarettes in Their Natural Environment”. In: PLOS ONE 11.10 (2016),
e0164038. DOI: 10.1371/journal.pone.0164038. URL: https://doi.org/10.
1371/journal.pone.0164038.

[72]

R.J. Robinson et al. Effect of e-liquid Product Characteristics on Topography Behavior
of e-cig Users in a 2-week Natural Environment Switching Study. Conference Paper.
2018.

[73]

Oren Rom et al. “Are E-cigarettes a safe and good alternative to cigarette smoking?” In: Annals of the New York Academy of Sciences 1340.1 (Dec. 2014), pp. 65–74.
DOI : 10.1111/nyas.12609.

296

Bibliography
[74]

Jonathan D. Sackner et al. “Non-invasive Measurement of Ventilation During Exercise Using A Respiratory Inductive Plethysmograph. I”. In: American Review of
Respiratory Disease 122.6 (1980), pp. 867–871. DOI: 10.1164/arrd.1980.122.6.867.
URL : https://www.atsjournals.org/doi/abs/10.1164/arrd.1980.122.6.867.

[75]

M. A. Sackner et al. “Calibration of respiratory inductive plethysmograph during
natural breathing”. In: Journal of Applied Physiology 66.1 (1989), pp. 410–420. ISSN:
8750-7587. DOI: 10.1152/jappl.1989.66.1.410. URL: https://doi.org/10.
1152/jappl.1989.66.1.410.

[76]

E. Sazonov, P. Lopez-Meyer, and S. Tiffany. “A Wearable Sensor System for Monitoring Cigarette Smoking”. In: Journal of Studies on Alcohol and Drugs 74.6 (2013),
pp. 956–964. ISSN: 1937-1888. URL: <GotoISI>://WOS:000326768500017.

[77]

Edward Sazonov et al. “RF hand gesture sensor for monitoring of cigarette smoking”. In: 2011 Fifth International Conference on Sensing Technology. IEEE, Nov. 2011.
DOI : 10.1109/icsenst.2011.6137014.

[78]

US Department of Health Services and Human. “The Health and Consequences
of Smoking”. In: Nicotine addiction: a report of the Surgeon General (1988).

[79]

US Department of Health Services and Human. “The health consequences of
smoking—50 years of progress: a report of the Surgeon General”. In: Atlanta, GA:
US Department of Health and Human Services, Centers for Disease Control and Prevention, National Center for Chronic Disease Prevention and Health Promotion, Office on
Smoking and Health 17 (2014).

[80]

Isaac K. Sundar et al. “Inflammatory Response by Different e-Cigarette Flavoring
Chemicals Identified by GC-MS in e-Liquids on Human Lung Epithelial Cells and
Fibroblasts”. In: C73. NEW MECHANISMS AND THERAPIES IN COPD. American Thoracic Society International Conference Abstracts. doi:10.1164/ajrccm-conference.2017.195.1 M eetin
American Thoracic Society, 2017, A6286–A6286. DOI: doi : 10 . 1164 / ajrccm conference.2017.195.1_MeetingAbstracts.A628610.1164/ajrccm-conference.
2017 . 195 . 1 _ MeetingAbstracts . A6286. URL: https : / / doi . org / 10 . 1164 /
ajrccm-conference.2017.195.1_MeetingAbstracts.A6286.

[81]

S. R. Sutton et al. “Relationship between cigarette yields, puffing patterns, and
smoke intake: evidence for tar compensation?” In: British Medical Journal (Clinical
research ed.) 285.6342 (1982), p. 600. URL: http://www.bmj.com/content/285/
6342/600.abstract.

[82]

Martin J. Tobin, Gilbert Jenouri, and Marvin A. Sackner. “Subjective and Objective
Measurement of Cigarette Smoke Inhalation”. In: CHEST 82.6 (1982), pp. 696–700.
ISSN : 0012-3692. DOI : 10.1378/chest.82.6.696. URL : http://dx.doi.org/10.
1378/chest.82.6.696.

297

Bibliography
[83]

Martin J. Tobin and Marvin A. Sackner. “Monitoring Smoking Patterns of Low
and High Tar Cigarettes with Inductive Plethysmography”. In: American Review
of Respiratory Disease 126.2 (1982), pp. 258–264. ISSN: 0003-0805. DOI: 10 . 1164 /
arrd.1982.126.2.258. URL: https://www.atsjournals.org/doi/abs/10.1164/
arrd.1982.126.2.258.

[84]

WHO. Electronic nicotine delivery systems: FCTC/COP/6/10 Rev.1. World Health Organization, Conference of the Parties to the WHO Framework Convention on Tobacco
Control, Sixth session, 13–18 October 2014. Research rep. Moscow: World Health
Organization, 2014.

[85]

CP Yu and CK Diu. “Total and regional deposition of inhaled aerosols in humans”. In: Journal of Aerosol Science 14.5 (1983), pp. 599–609. ISSN: 0021-8502.

[86]

Shu-Hong Zhu et al. “Four hundred and sixty brands of e-cigarettes and counting:
implications for product regulation”. In: Tobacco Control 23.suppl 3 (2014), p. iii3.
URL : http://tobaccocontrol.bmj.com/content/23/suppl_3/iii3.abstract.

[87]

P. V. Zimmerman et al. “Postural Changes in Rib Cage and Abdominal VolumeMotion Coefficients and Their Effect on the Calibration of a Respiratory Inductance Plethysmograph”. In: American Review of Respiratory Disease 127.2 (1983).
PMID: 6830037, pp. 209–214. DOI: 10.1164/arrd.1983.127.2.209. eprint: https:
/ / www . atsjournals . org / doi / pdf / 10 . 1164 / arrd . 1983 . 127 . 2 . 209. URL:
https://www.atsjournals.org/doi/abs/10.1164/arrd.1983.127.2.209.

298

